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Section I

T INTROOUCTION AND SUMMARY

This is Volume III, OSCAR System Model Development. of the final report on

Phase IA of the Optical Submarine Communicatlons by Aerospace Relay (OSCAR) program,

performed by GTE Sylvania under Contract Number N00039-'7-C-O100. The model his

been developed as a design tool, and is used to evaluate perfonance of alternate

designs. and assess critical technology.

The ability to provide a Commnlcatiton link between aerospace relays and

submarines at operating depths would significantly enhance the NAVY's comand,

control and communications (C) capability. The most promising technology for

accomplishing this objective is optical communications that exploit the blue-green

transmission characteristics of seawater.

The Naval Electronics Systert Command has defined a program for using optical

communications for certain specific AVV C3 requirevents. The progrm. "Optical

SjOnarine Cixmnicattons by Aerospace Relay" (OSCAR). explores the capability of

optical communlcations to perform wide area broadcast to submerged submarines.

General broadcast tra'fic, Emergency Action Messages, and Selective Call messages

are specifically addressed by the OSCAR program.

The three ljor parts of the )SCAR phase :A program are:

I. Operating Concept Selectton. reported in Volme 11.

2. Model Development. reported in this volijme,

3. System Definition, reported in Volume IV.*

Volume 1, Operating Concept Definition, analyzed a11 the logical concepts for

-ettng the system requirements, and selected one concept for further study. The

selected concept uses a radio frequency iplink to satellites at or near synchronous

altitudes, and a blue-green laser downlink from the satellites to the operational

area. This selection was based on a top level and approximate model relating all

requirements (except system effectiveness) to the system concept(s).

3 Volume I contains an Executive Summary of the entire program.

3 1-1



t. (Continued)

This volume presents the OSCAR system modeling (developed subsequent to the

Operating Concept Selection) for describing all aspects of the OSCAR performance

i.e., an 4nalytic model relating system requirenents, the operating environment, and

system design to system performnce. The earlier model has been revised and

expanded to include all the practical aspects of actual system behavior, so that a

nore precise estimate of the system performance for a given system design Is

available.

The logical development of a complete OSCAR system model is shown in

'1JLre '-I, while Figure 1-2 shows another view of the three levels of detail

iivoTeed. The first step is a detailed model for the signal ind oise

characteristics of the optical downlink on a pulse by pulse basis. The second step

's to incorporate these pulses In a communication message, and treat the downlink

corvunications and scanning aspects of OSCAR dur Ing a single t!.n interval. Only

one portan of *he total -equired coverage area is treated at a time since the model

ap;ltes to a single satellite during a single time Interval. The full system

effectiveness is not Included since only the communication "downlinko availability

is analyzed.

UN4OU
n Ai 0<1UO1 mohms "O WINA ANO

DOWPALWO MOM~ "'Q C4tION 0N A MAIV S
POCOAGAI04 K"4 MM, "- onS ATUfi~t to

moIAUF4 O1ML OOw14 S.

Urn SPOM AS A ULUaSNG KOCKWUM AL MRM ISOUBIACW11
MCmn ?01A& cOVOWAI AM AND

C0#ALU4D10 1"t SaflM ItotmmssJl,

moon GWDSMLCOMNCAnON P

TO RAWA4V4 COMM 00MAW.

urn C1M AS A KA004 KOCK.
4CUJLI AOUND SITAMMlO UPUO,

SAI1 I ,1 fWOW , AND 0&i Pp.
IKlai6 0. *NCIUM 1AIUMmom
c oVPWmoiaTr04 ANDEftt~?
DAMA WS.

Figure 1-1. Development Procedure for a Full OSCAR Model
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1. (Continued)

The third step, the Full OSCAR Model, treats all aspects of system behavior

including the uplink, evolving data bases, time varying locations of background

sources. and the complete satellite constellation. The full system effectiveness is

Included.

This report presents all three steps in the complete OSCAR model: the Sin9le

Pulse Downlink Propagation Model (SPOPM). the Downlink Communication Model (0CM),

and the Full OSCAR System Model (FOS). as well as a Glossary of all symbols used in

these models. (The Glossary is described in Section 2.0.)

A draft of the SPOPM was submitted on July 1, 1978. Extensive review, by both

NAVY and overnent Contractor personnel over the succeeding eleven months, has led

to some mlnor revisions. The approved version is presented in this report.

Section 3 discusses all aspects of the signal portion of the single pulse

downlink prooagation model. The parameters used are shown in Figure 1-3. The laser

pulse or~ginates on the satellite. propagates through the atmosphere (including

whatever clouds are present), the air-water interface and the water, and Is detected

by the submrine receiver.

Section 4 discusses all aspects of the noise portion of the single pulse

downlink propagation model. Some portions of the background light (sunlight,

-ioonlight) traverse a path like that of the signal (although usually at a different

zenith angle). %Wle other portions of it (blue sky-light and star-light/zodiacal

!ight) do not arise from single point-like sources, and must be treated

dtfferently. 'he bioluminescent light originates from sources In the water itself,

and so the atmospheric conditions have no direct effects on Its properties.

Secttons 3 and 4 are organized in the same manner. First the method of

approach used in the models is discussed, and then a detailed flow chart showing the

interactions between all the equations is illustrated. (A top level schematic of

these flow charts is shown in Figure 1-4). The second subsection defines and

discusses all the input information needed to perform the calculations. The third

subsection %3.3 and 4.3 respectively) contains the derivations and Justifications of

all the equations used. These equations and derivations are organized in a discrete

"'odular fashion. so that future revision (e.g.. cloud and water models) may be made

in an efficient and inexpensive manner.

1-4
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1. (Continued)

Section 4.4 presents the computer program for the complete Single Pulse

Downlink Propagation Model.

Both Sections 3 and 4 conclude with a discussion of the uncertainties in the

present sub-models, and the values of the parameters entering into these sub-

models. Key uncertainties include the cloud and water propagation models, and the

strength and temporal characteristics of the bioluminescent background.

The Downlink Communication Model (DCM) is derived In Section S. It considers

the problem of communicating one message to a given area during a single time

interval while the satellite, sun and moon are each at a single known location, and

the environmnt is specified for all the necessary propagation paths. It includes

the effects of laser warm-up time. interframe dead time, time to scan to a new spot,

and spot overlap during the scan. It allows for system design choices of modulation

format (the number of bits per pulse), demodulation format (threshold or time-of-

peak). oost detection processing format for anti-jam protection (if time of peak

demodulation is chosen), and scanning approach (non-adapt ve, adaptive for assumed

thick cloud zenith angle effects, and fully adaptive).

The model outputs include the downlink availability.* and the number of pulses

used to achieve this availability, both during a single time interval. In addition,

the satellite prime power and the number of jamming and spoofing events per year ire

derived.

Section 5 is organized in the same manner as Section 3 and 4. The method of

approach used Is first described, and then a detailed flow chart showing the

interactions between the equations and design decisions is shown. Figure 1-5 Is a

top-level schematic of this flow chart. (The SPOIP is utilized within the

availability block.) The second sub-section defines and discusses all the input

information needed to perform the calculations and the third subsection presents

detailed derivations of all the DCM sub-models.

Section 5.4 presents the computer program for the complete Downlink

Comiunication Model.

.In this context, downlink availability Is defined as that fraction of the
allocated area to which the message can be successfully transwitted within th
required time Interval.

I 1-7
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Figure 1-5. Schematic of Downlink Communication Model

1. (Continued)

Section 5 concludes with a discussion of the uncertainties in the sub-models

used. and the val,,es of the parameters entering into these sub-models. There are
negligible uncertanties in the models, and the key area o" uncertainty Involves the

values of the cloud parameters w ich apply during a single time interval.

The architecture for the Full OSCAR Systom Model (FOSM4) is derived In

Section 6. It considers the problem of communicating three types of messages to the

complete required coverage area over a long time ( ormally, one year). Therefore,

the ti-v evolution of the environmental inputs is included, all requirements are

treated (including system ?ffectiveness), and the complete system design is used

including the ground stations, the uplink, and the full satellite constellation.

The model outputs the system effectiveness for a given system design, with

enough intermediate steps to indicate those aspects of system design whi:h are

driving the system perfomance.
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1. (Continued)

'I Section 6 is organized in the same manner as Sections 3. 4, and 5. The method

of approach is first described, and then a flow chart showing the Interactions

I between the models and design decisions is shown. Figure 1-6 is a top-level

schematic of this flow chart. (The DC4 is utilized within the "Downlink

I Performance, Single Time Interval* block.) The second sub-section defines and

discusses all the input information needed to perform the calculations and the third

sub-section presents detailed derivations of all the FOSI submodels.

Section 6.4 presents our approach toward l'llementations of the FOSM. The

architecture Is completed (as called for in the Statement of Work) and this section

discusses the exemplary results to be derived with this architecture.

The section concludes with a discussion of the uncertainties in the analysis,

and the values of the parameters entering into the FOSM. The analysis is uncertain,

and may be revised in the future, in the areas of system effectiveness formulation,

and remote sensor performance. The parameters for the cloud and water data bases

are uncertain in both their magnitude. their spectral correlation and their temporal

evolution, and should undergo future revision.

'olune :V uses these models to define an OSCAR system able to meet the full

requlremetns, for the environt as presently characterized.
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a. Section 2

GLOSSARY

* This section defines all the English and Greek symbols used in the models devel-

oped in Sections 3, 4, 5 and 6. The English symbols are listed alphabetically in

Subsection 2.1 and the Greek symbols are listed alphabetically in Subsection 2.2.

2-
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2.1 ENGLISH SYMBOLS

a - semi-major axis

ACL a crosslink availability

Aft a downlink availability

A a energy to instantaneous power normalization parameter

a ground station availability

A? - single satellite/single time Interval coverage area responsibility

ARCT - area of rectangle within the ellipse

ARCTiJMIN * minimum useful spot area in I j resolution element for elliptical

spots.

ARE - area of an environmental resolution element

AREij area of ij resolution clertent

ASA T • satellite availability

ASB - submarine receiver availability

Asc - area of useful coverage within the spot, for square in circle pattern

ASCi - useful spot area in ij resolution eleent

A SCM N  ninimum usefvl spot area

Asp a area of illuminated spot, to exp-2 irradiance points

AUL - uplink availability

AUNYL a system unavailability based on area for which FOM ij <1

AV? - area-based system availability

b - effective clear atmosphere optical thickness

5 a electrical detection bandwidth

B8 a * of bits to be transferred on the backlink

8c a 0 of bits to be transferred on the crosslink

BoP T o receiver optical filter bdndpass

2-2
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.1 (Continued)

I U a 0 of Dits to be transferred on the uplink

c a speed of light

CF a fraction of sea-surfice covered by foam and streaks!
d - diameter of receiver aperture

I a receiver depth

DC.4 downlink comnmunication model

I OG * ground station RF antenna diameter

T 0. O thickness of i'th water layer

DOCtj• mean ocean depth of 'j'th ERE

Ds  satellite RF antenna diameter

Osp diameter of illuminated spot atop water, to exp-2 irradiance points

DSPmiN - minimum spot d'ameter

DSo Q edge length of square inscribed within the illuminated circular spot

e - charge on the electron

E eccentric anaoly

E) a exponentlal integral

Eff tSYST) - system effectiveness

Ep * transmitter energy per pulse per terminal

'PTOT a total transmitter energy per pulse

E total received energy per pulse

ERE * environmental resolution element

SRF * RF energy per message bit

exp exponential

I2-3
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2.1 (Continued)l

F - amplifier noise figure

f* (-0 . fraction of incident radiance within receiver field of view

f' (.0. su) a fraction of incident radiance within receiver field of

view

fa atmospheric contribution to received beam radiance

fcw air-water interface contribution to received bean'half-angle

- "wll-plug" source efficiency

FOM 1j - figure of merit for the ij resolution element, which is the ratio of

the achieved signal to noise ratio to the required signal to noise

ratio

FPs a smallest FOMJ for "opt-50, throughout the coverage area

f,") - received pulse shape

fw water contribution to received beam half-angle

* contribution of i'th water layer to received beam\ lf angle

• - "cost" of jam/spoof system., relative to OSCAR

1 - detec*'o- gain

*AZ a receiver azimuth ointi.ig angle, relative to local longitude

* receiver azimuth Dinting angle in the ij resolution element
G receiver zenith pointing angle

iELI' a receiver zenith -ointng angle in the ij resolution element

Ca - RF antenna gain

H - distance from cloud base to water surface

h a energy per signal photon

i • inclination angle

; peak signal current j

2-4 1



i 2.1 (Continued)

:Clj a fract on of ij'th ERE which 4s covered by ice

I Id a dark current at the photo-cathode

a a RMS noise current

I it a threshold current

I "w) - water radiance distributionI
j nurttr of water layers present from surface to subnarine receiver

I J * Jarvvr nose power

k d'!fuse attenuation coefficient of the water

ki  diffuse attenuation coefficient of I'th water layer
T

-kt) - thermal noise energy - 'Boltzmann's constant! x rabsolute temperature)

a nunber of bits :er p-lse

a clear sky exo-atnospheric effective radiance due to blue skylight

La, a spect.fal irradiance at receiver aperture due to bioluminescence

- & spectral radiance at receiver aperture due to blue skylight

L. - exo-at-spheric ef'ective lunar radiance

jL j a spectral radiance at receiver aperture due to the moon

Ls * exo-at.ospheric effective solar radiance

I LSU a spectral rad'ance at receiver aperture due to the sun

LZ - clear sky exo-at-ospheric effective radiance due to stellar and zodiacal
j light

LZS * spectral radiance at receiver aperture due to stellar and zodiacal lightI
m - nuber of sources or terminals per satellite

-I ~RG - System vmrg'n used to compensate for unmodelled noise sources.

M RF tnrgin on the backlink
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.I (Continued)

R RF margin on the crosslink

*0 a Message length to be delivered, system requirement

ML a Total -essage length.

M 0 - 4essage length to be delivered, system requirement

4 V a Overhead bits added to each message

TBF t "ean time between environmental conditions wich are Sufficient to

CauSe an Otitage

14BFs B - Kean time between failure

XTTR,• vlan ti-e for outage-causing condition to clear

M77RsLu8 0 0ean time to repair

, RF ar'g'n on the upllnk

n o ater index of refraction

. - Number of crosslinks jseJ in the entlrp system

'4ED - Noise equivalent vptical Power due to shot-noise generated by the

back ground

I[ED C •Noise equ'ialent opt'cal ower due to photo-detector dark current

NEPT. • Nolse equivalent optical power due to therrial or amplifier noise

aSS Noise equliaient optical power due to shot-noise generated by the

signal j
%IEPTO- Total noise equivalent optical power due to all sources

4EDTOTij e Total noise equivalent optical power in the iJ resolution element

N, - '4urer of jammied messages per year per boat, single pulse processing

Nj e Nure r of Joe messages per year per boat, two pulse processing

4i Allowed numier of jamming messages per year per boat, system requirement J
N4 - 'Irer of missed messages per year per boat, system requirement

40 a 4oise power per hertz density at the receiver I

2-6 1
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I 2.1 Continued)

'IpL a Total number of pulses used to communicate to the area

I N Nubr of signal pulses received in TA

sp Ns, a Number of jam/spoof pulses received in TA

I 'ESp a N4uer of spoofed messages per year per boat

4S~P " Allowed numb)er of spoofed messages per year per boat, system requirement

I 4SR"E a ter of Spots within a resolution element

i NSR. t - umber of spots in the 11 resolttion element

14[SR EX 'axikr number of spots within a resolution element

I 'Iu urter of resolution elements within the area of responsibility

14,jTS p •otal number o
f spots within this coverage area

I SNAI a "aT-u. nuer of s ots required tO cover the area of

responsibility

P -robability of a 'am/spoof pulse ocCurlng In any time slot

PAi a Average power of a single terminal

- SS " Average optical mwer at recelver due to the blue sky

PBL * Average optical power at receiver due to bioluminescence

P E a Bit error probability

P • Penalty time for a link outage

I F a Probability that a single threat pulse occurs in an unoccupied slot

PF Prnbability that two threat pulses occur In a given frame

P FS a Probability of false signature, in time-of-peak demodulation

PFA - Single Pulse probability of a false alarm

B P Ground station transmitter power

PiO - lPrime power on the satellite required for all non-laser functions

Pa Jamming probability, single pulse processing

3 * J&ing probability for two pulse processing
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2.1 (Continued)

PU - Average optical power at receiver due to the moon

Pil a Probability of at least one extra pulse occurring In the K /i frames

jj) - Effective radiated J.me- power

P-. Total prime power (in the satellite) required to sustain the laser Sources

PM a Probability of a missed message

P* e Probability of a noise spike within one of 2' -. slots

PP4 e Pulse position i"odilation

R Peak received signal power

PRF - Pulse repetition frequency of the transmitter

D- Deak received optical power in the i., resoljtion element

PR (t) :nstataneous received signal ;,ower

S Sate1l1te transmitter power

Psp Spoof probability

PS " Average optical owe," at receiver due to the sun

S'otal pr'm-power capability required on the satellite

P. • Average optical power at receiver due to stellar and zodiacal light

4 P3ramneter describing ability of satellite transmitter to correct for

zenith angle spot spreading. 0 ( q ( I

4 Range from satellite to submarine

r 'sean earth radius

R J a Range from Jamr to the ground station

RGS a Range frw ground station to the satellite

R*j - Range from satellite to boat located at lit

Rij'MAX * Maximsn range within the assigned coverage area

J " Distance from jamr to satellite

2-8
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2.1 (Continued)

I RL a Load resistance

Rmu M !4oon altitude

5 a Satellite altitude

R e Rate of change of satel.'Ie altitude

R Distance between 2 satellites

RSU • Sun altitude

(;S) Sea-surface reflectance

S * water Scattering coefficient

s, scattering coefficient of I'th water layer

SPOPM a Single pulse downlink propagation model

;) - Signal to noise ratio

S) i a Signal to noise ratio achieved in the Ij resoltion element

S) REQ % Required signal to noise ratio, throughout the coverage area

S a F signal power at the receiver
S, Parameter describing area allocated

t tile

a geatrcal thickness of the cloud

A tirme allowed to cover the allo.ated area, system requirement

tAv a adjacent spot revisit time

'tf a dead time between frames

tij a time to Cover the ij resolution element

tm a time after pulse start at which peak value occurs

T a threshold to norse ratio

1 2-9
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2.1 (Continued)

Tom Total source on time for a single coverage time

T o *t time to cover resolution element for which TPART changes from (TA to >TA

TPART * time to cover the resolution elements with FOMjj > 1, from largest
FON to smallest

ta Slot width

ts- dead tise betwee messages, or time to scan to a new spot and to develop

the appropriate beam width

Ts- Is* devoted to each spot. Incliding slewing time

TTOC • time required to cover the allocated area

W'O AX * !,agne ti1e required to illuminate the total allocated area

"w a source tJrn-on/war-up t ite

tc a pulse width due to cloud portion of the path

t i lse width due to cloud to water portion of the path

" w * pulse width due to water portion of the path

t v time of day at Sreenwich (0" longitude) (Sect. 6.3)

TAY * time over which availabilities are averaged in order to obtain Eff (SYST)

ta time allowed to complete backlink

tr - time allowed to complete crosslink

t *o a time after full moon

trim a time after Sunset

,ORB a Period of the orbit

tp a time wen perigee of the orbit was traversed

tu a Tim allowed to complete uplink

TEARTH  E arth noise temperature

TECHFOM  technology figure of merit

2-10
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2.1 (Continued)

TRAIN . rain noise temperature
1W TR C

TRECEIVER " Receiver noise temperature

TSU N * sun noise temperature

V - Surface wind speed

Vm  Maximum submarine velocity during comunication time, system requirement

w a Number of additional pulses added to message to meet quality of service

requirerents of time-of-peak demodulation approi4ch

W a Extent of spread spectrum

Xr  receiver coordinate in earth-centered system

X lunar coordinate in earth-centered system

Xs - satellite coordinate In earth-centered system

Xsu - solar coordinate in earth centered system

Y:. areceiver coordinate in earth-centered system

YV MU- lunar coordinate In earth-centered system

Ys asatellite coordinate In earth-centered system

Ysu - solar coordinate In earth-centered system

ZE a receiver coordinate in earth-centered system

z lunar coordinate in earth-centered system

z satellite coordinate in earth-centered system

Zsu a solar coordinate in earth-centered system

2
I
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2.2 GREEK SYMBOLS

The Greek symbols are listed in order according to the Greek alphabet: ., ,

ye so CS. : . ~- 9  *30 to <9 64 VI 00 . i,* 3, To Ve~ 00 ,.J

A latitude of a point within the coverage area

'GS " latitude of ground station

i mean latitude value for all i resolution elements

* latitude of janhir

AM lunar latitude

* phase of the moon

-s" satellite latitude

-,SU solar latitude

,sue" latitude of submrine receiver

P * "rate of change of satellite latitude

: Aj l ongitude of a point within the coverage area

l longitude of ground station

a •van longitude value for all J resolution elements

- longitude of jamer

* lunar longitude

0 a lunar longitude at sunset of a given day

a satellite longitude

SU a solar longitude

SS a rate of change of satellite longitude

-SUB * longitude of submarine receiver

'T * transmitter optics transmission

a receiver optics transmission
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m 2.2 (Continued)

a offset angle between receiver optical axis and axis of the incoming light

l iBRIj - in water angle between receiver axis and effective blue-sky direction

"URIJ " in water angle between receiver axis and lunar direction

I SRIJ 0 in water angle between receiver axis and signal direction

SURi j  in water angle between receiver axis and solar direction

5 ZRij " in water angle between receiver axis and zodiacal/starlight direction

I * spot overlap factor

[ eccentricity of (orbital) ellipse

G a ground station RF antenna efficiency

I a satellite RF antenna efficiency

I ) a cloud partlcJe rean scattering angle

'cos e> a mean cosine of the fn-cloud scattering angle

I T T Full angle exp (-2) transmitter beamwidth

AW a rms half-angle additional signal beam divergence due to wave action

M Mean square single scattering angle in water

I - Mean square single scattering angle in water fori'thwater layer"SlI

Half angle of the receiver field of view
j .U rmS half-angle air-water interface induced spread for the sunlight

AW

*..MU
AW rms half-angle air-water interface induced spread for the moonlight

IHalf the angle subtended by the sun

IS/2 " Half the angle subtended by the moon

'AW - rms half-angle air-water interface induced spread for the blue sky light

3W * rms half-angle air-water interface induced spread for the

stellar/zodiacal light
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2.2 (Continued)

4qTIN a Minimum transmitter beam divergence

?TS RMS short term satellite pointing jitter

'TORl RMS long tern satellite pointing drift

TI a Klnimum transAitter beam divergence from all constraints

ITZ e Transmitter beam divergence for temporal availability in non-adaptive

scan

-Tj * Initial transmitter beam divergence to ij resolution element for

partially adaptive scan. or final beam divergence in fully adaptive scan

!'T21j Transmitter beam divergence for temporal availability in partially

adaptive scan

' SLE Angle between 2 points on the earth's surface, viewed from a satellite

"! a Zenith angle from inertially oriented satellite to a point on the earth's

surface

-!S Rate of change of "S

SA Azimuth angle from inertially oriented satellite to a point on the --

earth's surface

"SA 0 Rate of change of "SA

, -Optical wavelength

-' * dWavelength shift

"'M,. " Max'mum useful bandwidth of optical filter

'RF Wavelength of RF link

Optical Doppler shift for satellite to earth path

Sa Doppler shift between 2 satellites

" mean extinction coefficient of the cloud
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2.2 (Continued)

I a Signal clear atmospheric energy transmission

ac Signal cloud energy transmission

OPT • Optical thickness of the cloud

I *w Signal cloud to water energy transmission

aw Signal total energy transmission of air-water interface

I :awl • Signal air-water interface energy transmission due to the index of

refraction discontinuity

I :aw2 " Signal air-water interface energy transmission due to foam anc streaks

on the sea surface

7w Signal water energy transmission

a * Background clear atmospheric energy 
transmission

ICloud energy transmission of the direct sunlight

C M Cloud energy transmission of the direct moonlightI
a Cloud energy transmission of the blue skylight

T a Cloud energy transmission of the stellar and zodiacal light

7CW • Background cloud to water energy transmissionI
'AW Total background energy transmission of the air-water 

interface

'Awl - Background air-water interface transmission due to index ofI refraction discontinuity

'AWZ • Background air-water interface transmission due to foam and

I streaks on the sea surface

'AWlS s tSolar air-water interface transmission due to index of refraction

.5 discontinui ty

SAWIM d otnutLunar air-water interface transmission due to index of refraction
'AWU discontinuity

iAWI I • Blue-skylight air-water interface transmission due to indexII of refraction discontinuity

m
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2.2 (Continued)

TA*j Stellar and zodiacal light air-water interface transmission due to

index of refraction discontinuity

tSU * Solar water energy transmission

U Lunar water energy transmission

.B - Blue sky water energy transmission

az - Stellar and zodiacal light water energy transmission

7RAIN " RF rain attenuation factor

"RADO " RF radome attenuation factor

'S a Signal in-air zenith angle

:S -Signal in-water zenith angle

, a Off-axis angle at which in-water radiance goes to zero

1/z " Half-power angle of the received signal beam radiance

S Solar in-air zenith angle

MU Lunar In-air zenith angle

*4 Angle measured from the axis, or principal ray direction, of the in-water

signal radiance

- Solar in-water zenith angle

MU - Lunar in-water zenith angle

a Signal zenith angle to ij resolution elemient

:Suij Solar zenith angle to Ij resolution element

4ij a Lunar zenith angle to Ij resolution element

'SAij * Sfgnal azimuth angle relative to local longitude In 1J resolution

ele nt

'SUAIJ " Solar azimuth angle relative to local longitude In Ij resolution

el emnt

2-16
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2.2 (Continued)

U UAij 0 Lunar azimuth angle relative to local longitude in ij resolution

element

'Sij Signal in-water zenith angle to ij resolution element

SUij Solar in-water enith angle to ij resolution element

WIJtj Lunar in-water zenith angle to ij resolution element

;S Rate of change of zenith angle

'SA " Azimuth angle

-SA " Rate of changes of azimuth angle

'SLE'W " Angle between 2 satellites viewed from the earth

-SLEW Angle between a satellite and a point on the earth's surface, viewed
from another satellite

"o a Argument of perigee

" a Righ~t ascension of ascending -,ode

- - Cloud particle single scatter albedo

a Full solid angle containing the Incoming in-water radiance

-OR * Rotational rate of the earth

- solid angle of the receiver

I

I
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Section 3

|St.'SLE PULSE ONLINK PROPAGATION MODEL SIGNAL

I This section discusses the model for the optical propagation of a single signal

pulse from a satellite to a submerged submarine. The section is organized as follows:

3.1 Model Philosophy and Flow Chart
3.1.1 Philosophy of Approach

f 3.1.2 Model Flow Chart

3.2 Input for Signal Calculation

3...1 Source

3.2.2 Clear Atmosphere

3.2.3 Cloud

3.2.4 Cloud to iater

3.2.5 Air/Water Interface

3.2.6 siater

3.Z.7 Receiver

3.3 Sub-Models

3.3.1 Cle3r At-tospheric Transmission - Signal

3.3.2 Clcud Energy Transmission - Signal

3.3.3 Cloud to Water Energy Transmission

3.3.4 Air-Water Interface Transmission - Signal

3.3.5 Air-Water Angular Effects - Signal

3.3.6 Relative Surface Foam Coverage

3.3.7 Water Energy Transmission - Shqnal

3.3.d Water Distribution of Radiance - Signal

3.3.9 Receiver Pulse Width/Shape

3.2.10 Overall Signal Equations

3.4 odel Uncertainties

1 3.4.1 Energy Transmission

3.4.2 Angular Effects

3.5 Parameter Value Uncertainties
3.5.1 Oloud

3.5.2 Air-Water Interface

3.5.3 Water
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I
3.1 MOOEL PHMLOSOPH v AND FLOW CHART

This section describes the basic approach used to generate the detailed single

pulse downlink propagation model and presents a flow chart showing the interrela-

tionships of the SuD-models and their required inputs.

3.1.1 Philosophy of Approach

The model:

(1) Is organized in a modular fashion. so that the effect of each portion of

the path is evident. In addition, as further experiments and analyses

are undertaken. Pieces of the model may be upgraded without requiring

extensive *modification of the tota' rEodel;

(2) Considers the following three properties of the signal, and separately

models the eftects of the propagation path on each:

(a) lte energy transmission from the satellite transmitter to the submer-

ged submarine receiver;

bIW The distriution of the signal radiance at the submarine receiver;

(c) The pulse shape and width at the submarine receiver.

These three properties j-e then comined to yield the instantaneous

received ootical power at the surface of the photodetector.

(3! Does not attempt to treat all possible cloud conditions. Rather. a break

point is established at a minimum optical thickness of 10. Below that

value one set of sub-models is assumed to apply, while above it a differ-

ent set applies. In many cases these sub-models do not correspond at

root a optical thickness 9 IJ. and so the overall model should only be

used for root <1J and ropt >>10. (Future analysis and experiments on

the "ultiole-forward scattering" region should enable the sub-mdels to

be upgraded, and this Inconsistency removed.)

(4) Assumes appropriate simple analytic forms for at-present unknown func-

tions such as the radiance distribution, and pulse shape and width. ThiS

enables us to present analytic results (except for the receiver axis off-

set from the beam axis of the incident radiance), which are an aid to a

Physical understanding of the overall propagation problem.

- - - - - - - .-
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3.1..Z Model Flow Chart

A schematic of the overall single pulse signal downlink propagation model is

presented in Figure 3-1. Given the input parameters, the pulse width and shape and

the angular and radiance distribution are derived. Then using the angular and rad-

iance distribution and the input data the energy transmission of the path is calcu-

lated. Finally given the energy transmission and the received pulse shape, the

signal (instantaneous received power) is calculated.

Figure 3-Z is a detailed flow diagram Showing the calculations that must

occur to arrive at the required output.

(1) The input parameters are listed in the seven ellipses on the left hand side

of the figure, including source, clear atmosphere, cloud, cloud to water,

airlwater interface, water and receiver parameters. (The symbols are

defined in the glossary in Section 2. and also in the input discussion

in Section 3.2).

The calculation equations are represented by the rectangular boxes.

Within each box is the symbol for the parameter to be calculated and

the equation number (from Section 3.3) for the equation to be used to

calculate the parameter. The first quantity calculated is the cloud

optical thickness. iOPT, since this determines the equations to be used

to calculate many other parameters. Whenever ,./ appears in a rectangular

box. the equation number preceding it refers to 7OPT 10. while the

equation number following it refers to OPT 10. Hence. given the

value of 7CPT the rest of the models to be used are specifically

Jetermined.

;I The second set of calculations perforrd are of three types:

,a) Path transmission, including " T c - and T
a' c' cw* aw w

,:, Pulse width and shape, including :.tc Ito w .. tw and tM;
tc, Angular and radiance distribution. including fA* fAW" fW" 4o and

f :0.

I
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3.1.2 (Continued)

(VI) The patn transmission, angular and radiance distribution. source and
receiver parameters *are then used to calculate the received energy, ER*

(V) 7he received energy and pulse widtn and shlape are used to calculate. the
instantaneous received power P R(.t).

The developed comvputer program is included with that for the noise sources, and
presented in Sectir

F~igure 3-1. Schematic of Signal Single-Pulse Downlink Propagation Modelj
3.4'



3.2.3 Clcud

The required parameters are:

Description Units

I Geometric or physical thickness of the cloud Meters

C Average extinction coefficient of the cloud (Meters)

q A parameter describing the ability of the satellite trans-

T mitter to correct for the geometric zenith angle spreading

- of the spot. q w 0 implies the spot remains the same area

independent of zenith angle. while q a I means the spot

grows naturally with zenith angle. Hence o _ 1.

-Cos '- The average value of the cosine of the scattering angle

for single scattering within the cloud

s n-air transmitter zenith angle Radians

7he single scattering albedo of the cloud particles, or.

the ratio of the probability of scatterinq to the probability

cf extinction for a single scattering event.

The average angle for single scattering within the cloud Radians

3.2.4 Cloud to Water

"he required parameters are:

Sr Description Units

H Distance fror Cloud Base to iater Surface Meters

R Rar;e frorx the satellite transmitter to the submarine Meters

receiver

Full angle beam divergence to the e irradlance points of Radians

transtri tted beam

II
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3.2.5 Air/Water Interface

The required parameters are:

Symbol Description Units

S In-air transmitter zenith angle Radians

V Surface wind spead Meters/Second

n Water index of refraction

3.2.6 Water

The reiuired parameters are:

Symbol Description Units

ki  Diffuse attenuation coefficient of the i'th water layer (Meters)'

Di  Thickness of the i'th water layer Meters

WS In-water transmitter zenith angle Radians
S

SI Root-mean-square angle for a single scattering event Radians
in the wa~ter

s Scattering coefficient for the entire water Dath (Meters)

n Water index of refraction

0 Depth of the submarine receiver Meters

3.2.7 Receiver

The required parameters are:

Symbol Description Units

Half-angle of the receiver leld of view Radians

a Off-set angle between the in-water signal beam axis Radians

and the receiver optical axis

o Depth of the submarine receiver Meters

Transmission of the receiver optical chain

d Diameter of the receiver optical aperture Meters

3-8
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3.2 INP FOR SIGL CALCULATION

This section discusses the form of the required inputs to the signal singie

pulse dowmlink propagation model, in terms of the seven categories: source, clear

atmsphere, cloud, cloud to water, air/water interface, water and receiver.

3.2.1 Source

The required source parameters are:

Symbo Description Units

q A parameter describing the ability of the satellite trans-

mitter to correct for the geometric zenith angle spreading

of the spot. q - 0 implies the spot remains the same area,

independent of zenith angle, while q - I means the spot

grows naturally with zenith angle. Hence 0 < q < 1.

E Energy per pulse of the transmitter laser. Joules
p

YT Transmission of the transmitter optical chain.

R Range from the satellite transmitter to the submarine Meters

receiver.

eT Full angle beam divergence to the e"2 irradiance points Radians

of the transmitter beam.

3.2.2 Clear Atmosphere

The required parameters are:

S l Description Units

b Effective clear atmosphere optical thickness such

that for a 701-zenith transmission, b - 0.357

In-air transmitter zenith angle Radians

i3
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3.3 SUB-MOOELS

I This section develops all the equations used in the calculation of the

instantaneous received signal power.

I Sections 3.3.1. 3.3.2, 3.3.3. 3.3.4. 3.3.6 and 3.3.7 consider the path

transmission of the energy.

I Sections 3.3.5 and 3.3.8 consider the angular effects and the distribution

of the received radiance.

I Section 3.3.9 considers the received pulse shape and width.

In each of these sections, after the equations are developed they are

evaluated for typical cases in both tables and figures.

Section 3.3.10 combines the previous results to obtain the received energy

I 3nd the optical signal power.

3
I
I

I
1
I
I

I
I
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3.3.1 Clear Atmospheric Transmission - Signal

In the absence of any clouds or aerosols, the clear atmospheric transmission is

described by the term Ta* Using the approximate AFCRL modell, the signal zenith
angle dependence is given by: .,

,a " exp - (b sec as). (3-1)

for "a a signal clear atmospheric transmission

b - effective clear atmospheric optical thickness

:s a signal zenith angle.

The typical value of b is determined from:

0 0) - 0.7 - exp (-b).

or

b • 0.357.

Table 3-1 and Figure 3-3 show the values of :a as a function of signal

zenith angle.

References for Section 3.3.1

1. R.A. 4cClatchey, R.W. Fenn. J.E.A. Selby. F. E. ))lz and J. S. Garing "Optical
Properties of the Atmosphere (Revised)" AICRL-71-0279. 10'4ay 1971.

i

]
I
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Table 3-1. Typical Clear Atmospheric Transmission (b-0.357)

I 4se Signal Zenith Angle (degrees) a, Clear Atmospheric Transmission

0 0.7

10 0.7

20 0.68

30 0.66

40 0.63

50 0.57

60 0.49

70 0.35

80 0.13

0.3

I

3 0.2

3 1 0 is 20 25 30 35 40 43 30 55 Go a6 M 75 s
SIGKN. . -INM AMW -

I R.ure 3-3. Typical Clear Atmospheric Transmission (b - 0.357)

I
I
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3.3.2 Cloud Energy Transmission-Signal

Insofar as they affect optical propagation, clouds may be categorized as

negligible to very thin, thin. and tnick. There are no verified experimental

results that treat any one of these three regimes. Since we are discussing an

energy transmission here, and most analyses and partial experiments are in terms of

the transmitted irradiance (energy per second per area), then there are few analytic

expressions for the cloud energy transmission.

Our decision is to treat only two regimes - thick clouds and nearly clear

weather. We do this with the understanding that evaluating the model near the

transition point will yield results that are incorrect in principle, and so only

for small and large optical thickness (defined below) Should the overall model

be expected to apply.

oie propose Lo adopt the multiple-scattering Monte-Carlo derived diffusion-like

expression of Bucner i and Van Jer HulStZ for thick Clouds, So that at zenitn, and

neglecting in-cloud acsorption:

:c a :orT '1¢s -v *.42 (3-2)j

for "C R Signal energy transmission through the cloud

* Optical thickness of the cloud

--cos > a mean cosine of the scattering angle.

The optical thickness of the cloud, for a homogeneous cloud. is qiven by:

Top t  ' cO

'I Ior

7 - geometrical thickness of the cloud,

and : a mean extinction coefficient of te cloud.

For a typical example, for a strato-cumulus cloud, we might have T a 1:O0 m

and :) 3.04 m so - 48. For such a dense cloud, .cos - - G.53 ( - 34°
and 50 . opt
and so



I -

3.3.2 (Continued)

I 1.69.c 48 (1 0.83) * 1.42 0.18

I The zenith cloud energy transmission as a function of optical thickness is

i presented in Table 3-2 and Figure 3-4 for -cos '' - 0.83

Table 3-2. Typical "Thick" Cloud Zenith Signal Energy
Transmission ('cos "' * 0.83), -u0'1.

OPT' Optical Ihickness c Energy Transmission

I 10 0.54

20 0.35

30 0.26

40 0.21

50 0.17

60 0.15

70 0.13

80 0.11

90 0.10

100 0.09

From the form of Equation (3-2) it cannot apply at 'OPT 0 0, and the lower

limit of optical thicknesses at which it does apply is still to be determined.

We provisionally adopt a linear fit for :OPT 10, so that

7 a - 0.046 OPT" OPT " 10 (3-4)OPT 'OPT.

-cos -. * J.83

Equation (3-4) is evaluated in Table 3-3, and Figure 3-4.

The zenith angle dependence for thick clouds has also been modeled by BucherIJ and Van der Mulst2. It also has no experimental verification.

3-13I



Table 3-3. "Thin" Cloud Zenith Signal Energy Transmission (Matched to the
Thick Cloud Expression at ToptlO for <cos , • 0.83)

opt' Optical Thickness fc Energy Transmission

0 1
2 0.91
4 0.82
6 0.72
8 0.63
10 0.54

TO o0 sos4C 010i 3-4. T Thic CClou Er as sn s

E

- . . 4

figure J- . Thin and Thick Cloudl Energy Transmission Versus

Zenith Angles, for .cos > 0.83.

I
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I 33.2 jntinued)

The ,esulting curve has been fit by L. Stotts of NOSC. An additional factor occurs

because of the "spreading out" of the beam energy with zenith angle. Since this

spreading out" may be converted to the satellite terminal, we shall model it as

a transmission factor,

COs _ _ .

The complete thick cloud signal energy transmission (including the effects of

'ne single scatter albedo j. -D .999V is given by:

._. _ _ __ coS "s 1Q 1I.69 - 0.5513 s 2.7173 :s

c '.* -. cos.-.., 1.42~
opt.

"3 . 42*9 5 -0.6155 6f
-6.9666 r - .,446 ;s " " s

: *7A46 -3.21.42

1 1--cos-.I
A ex; 3[ -c--co 1.42

[ 1-.- cos

for 10 - OPT

l Except in the unusual condition of a minimum beam size constrained by satellite
pointing jitter.

I
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3.3.2 Continued)

Fcr thin clouds the diffusion like dependence ougnt not to apply. Therefore.

in the CPT - 10 regime we assume a full cosine dependence due to the extra path

length in the cloud, or

I _- 0.085_P T  [Cos ss~
0( - <cos j,) 1.42

for _.

For 0., we use [cos ,q

For n .3 ese models ar discontinuOus at 10. The difference in

alue is approximately a factor of 0.58 at s 1:00 . At this stage In our knowledge

fCloud prooaga:ton we do 'ot feel that Such a factor is of prime 1niGrtance. and

snal ignore this J'screpancy until an ex"erimentally ver'ieC 7odel replaces it.

"acle 3-4 and Figure 3-5 snow the zenitm angle ;erencence of te signal energy

trnsmission for both -O), regimes. witn q 0, i.e.. satellite optics fully

:amvensating for tne :ent'.n angle beam irradiance spread.

;eferences fir Section 3.3.,'

..A. Bucher. "Computer Simulation of Light P. se Proaqat~on for :owunicaton

"hriugn Thick Clouds. ' Applied OptIcs, Vol. 1Z ',*;. Do. 2391-2400.

'ctober :?73.

.. .E Ianieison. .R. N4oore and 4.C. Ian de Hust. "The Transfer of visible

;adiation Througm iouds.' J. Atmos. Sci. Vol. 26 9. op. 10,8-1087.

Septeafter 1969.

3. he ef'ect of i. . 1 is taken from Appendix 8. equation 14, of S. <ar-a. "A' Test

Plan for oeter.tning the Feasibility of Otical Satel'te Communications Through

CloudS at iitsle Frequencies, 4OSC TN 279. uljl. 1978.

I
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Table 3-4. :enith Angle vs Signal Energy Transmission

(zormlized to s a 0)

I: Signal Zenit Angle Thick Cloud Dependence Thin Cloud Dpendence

OPT 1 10) +OPT < 10)

0 1 1

10 0.97 0.98

20 0.9% 0.94

30 0.92 0.87

40 0.86 0.77

so 3.178 0.64

60 0.69 0.5

70 0.58 0.34

80 0.44 ,,0.17

-LL~k '"k% LCC% SOIA4

3-17,
Ftgur'e 3-5. T'~n and T'hick Cloud Zenith Angle Dependence

of Cloud TransmiSsion !4ovrwtlized to Zentth
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3.3.3 Cloud to Water Energy Transmission

The energy transmission of an assumed clear propagation path from the bottom

of the cloud to the water surface is expressed as TCW" For large diameter emerging

spots and representative clouds the energy transmission of this part of the

propagation path is very high.

We consider an area element on the cloud bottom given by r dr d ,. assuming

circular symmetry and that our observation point is well away from the beam edge.

Then, assuming for a thick cloud the emerging energy nas a Lambertian distribution.

tak I ng

H a distance from cloud base to water

q range to satellite

" full angle e"  irradiance beanwidth (. I) and that the beam is so

large at the cloud that negligible additional in-cloud induced spreading occurs.

the energy transmission is given by

t/ /
CW • J- d: r d r x -tilt" of emitting surface area;

S:Range from surface area to water surface "receiver"} "Z

'"tilt" of surface 'receiver",

or
• Z- IL,' 2

"'w d:f r d r

- 0 o I

JHI{R eT12))'
CT - 1 (HI(R >T21  

* 10 (3-6a)

Equation (3-6a) is evaluated in Table 3-5 and Figure 3-6 as a function of the
ratio of the cloud base height. M, to the emerging spot radius, RT/2.

3-18II!
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Table 3-5. Thick Cloud-to-Water Surface
Signal Energy Transmission

Cloud Base Hegntner Transmission
N Eme rging Spot Radius :cws nryTasiso

0 1

0.05 0.998

0.1 0.99

0.15 0.98

0.2 0.96

0.25 0.94

0.3 0.92

0.35 0.89

0.4 3.86

0.45 0.83

0.5 0.8

3-11

Q" I

I ,-,

3 . .. 030. .

~Figure 3-6. Thick Cloud to Water Surface Enero y TranlsmissiOn
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3.3.3 (Continued) t

For typical situations, H/ReT 0.2 and so this is a very small effect for

thick clouds. --

For thin clouds, the net transmission is even higher for large incident beans

since the energy does retain its emitted angular sense. ode therfore take

a a 1. for : ' 10 (3-6b)

We further assume that there is no zenith angle dependence for ICW in either

regime.

3-20
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33.4 Air.Water Interface Transmission - Signal

The signal energy transmission of the air-water interface is composed of two

factors:

Saw (!w) x (Tv2),

for T M total energy transmission of air-water interface

'awl 0 air-water interface transmission due to index of refraction

discontinuity;

aw2 * air-water Interface transmission due to foam and streaks on the sea

surface.

This section treats "r while 7aW2 is discussed in Section 3.3.6.

For thin clouds and clear weather (7o0t i10) we assume the signal beam

rot :i Its anqular sonse. Gordonl has estimated the value of 'awl as a function

of surface wind speed and signal zenith Angle, for the Cox and Munk wave slope

distribution, AS shown in Table 3-6 and Figure 3-7.

For thick clouds ('Ot 10). the energy is modelled as being incident on the

sea surface from the entire hemisphere. Using the Fresnel refraction equation (and

neglecting wave effects) we find

awi I -f f 2  R( ) sin 0% dos  (3-7)

for *5 * signal zenith angle

a s )  Sea Surface reflectance as a function of zenith angle,

and *( ) [f, (as) - fZ(e 5 ))f 3 (05 ) (3-8)

Efl(Os) #f2(isl])Ef3 (is) 'f2(1,)]

for f1(0S) a sin 2 (OS) En? . cos 29,] (3-9a)

,1/2

for f2(9s) a sin is sin 21S n2 - sinZ s5  / (3-9b)

and f3(IS) - n2 cos 2 @S . sin285 cos Zs, (3-9)

and n 2 sea-water index of refraction.
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Table 3-6. 'a1 Time-Averaged Downlink Air-Sea Interface Transmittance
(For Thin Clouds. -pt '10)

V WV4 Seel

Lgg 1 03J 2__06 4!2 7.21 10.181 13.4 16.s 11.Im1j8K
,n 0 2 1 4 8 14 20 21 32 3 knou

0 037 0.577 0.176 1 74 0170 0.,7 0J63 0.900 cis$
5 0.5s 0574 01i72 I TO Os66 O163 058 0154 OJ52

16 0.JI4 0 2 0.61 0 00111 Cus 00141 0144 0.541

is 0.546 0J4 0.J43 5140 0936 0133 0321 0J26 0122

20 0 .20  0111 0517 0J14 0.,10 0.07 0M503 0.856 0156
21 0517 0115 0M14 0Ul 0.J77 01)73 0170 01is 0.63
30 0847 0.1s 084, 0J141 0137 0.433 082 0.126 0.822

35 01300 0716 0.717 0.794 0.70 0786 0.712 0.771 0.775

40 0.747 0.745 0743 0.741 0.736 073. 0.729 0.721 0.722

45' 0167 0a 0.614 0.511 0677 0.673 0.661 0-66 0663

o 0.120 0619 0117 0.41 0i11 OO 0.60 0.60 0.116
5s 0-41 0 W,4 aS5 O.Wa, 0.S4 0.S3 0 Sxl 0_SU O.532

so 0.40 04a 0 448 040 04 0.46 40 0_444 0.4& 0.443

S 45 L0.3S 0.385 0.385 0.384 0.387 0.M11 0.311 0.313 031

70 0.26 01 0.21 0303 i 0310 0311 0321 0.325 0.21n
7I 0203 0.210 0214 0224 i 0231 0.247 0 0.262 024
N 0.113 1.121 01l s1 1 0.172 016 1 0.117 0.2% 0.213

is 0.4381 0.0610 0071 00 i 0 111 0135 0148 01S7 0.161

9 0 0.02 00310 0014 0060 001 O I 0106 0117 0.124

3.3.4 (Continued)

Using n a 1.33. (3-7) has been evaluated with the result

[ awi a 0.83. root _)JO. (3 1

Equation (3-10) is an aooroximat1on since it nas neglected the wave structure of

the surface and is discontinuous with the 'opt _10 values In Table 3-6. we shall

use it pending further analysis and experielntation.

There is no Zenith angle dependence for thickC louds for 'awl.
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Figure 3-7. Thin Cloud Air-Sea !nterface Transmission as a Function of Stignal

Zenith Angle (is) and Surface wind Speed. v

3.3.4 (Continued)

References for Section 3.3.4

1. J. Gordon, Directional Radiance {Luminescence) of the Sea Surface. SIO

Ref. 89-20, October 1%9. as cited in R.E. Howarth. M.E. Hyde and

W.R. Stone. "Submarine-Aircraft and Submarine-Satellite Optical Communica-

tion Systems Model (U),' Confidential Report. NELC-TR-2021, 1977.

2. C. Cox and 4. ,Iunk, 'Statistics of the Sea Surface Derived from Sun

Glitter, J. Mar. Research Vol 13 2. 1954.
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3.3.5 Air-Water Angular Effects - Signal

The wave slopes on the sea surface cause an overall increase in the beam diver-

gence of an incident beam. For the propagation path considered here. only for the

thin cloud and clear weather cases (' opt _10) will this have any effect.

We describe the statistical effects of the surface bY.IGAW - half-angle of the

mns additional beam divergence of the radiance profile. Adopting Karp's unverified

model1 we use the expression

%0 AW - 0.0103 V1/2. (r opt 110) (3-11aj

for V a surface wind speed in knots, and the index of refraction of sea water has

been taken - 4/3. Equation (3-11a) is evaluated in Table 3-7 and Figure 3-8 for V

In knots (and m/sec) and .%AW in radians (and degrees).

The relative contribution of.%sAw to the distribution of radiance at the

receiver will be discussed in Section 3.3.8. Except for the clearest water It is a

small effect and so the impact of neglecting zenith angle effects, and dissimilar

wave slopes in the downwind and crosswind direction. may be negligible. We there-

fore adopt this model, and

(3-11b)

until better information is available.

References for Section 3.3.5

1. As cited in R.E. fiarth, l.E. Hyde. and W.R. Stone. "Submarine-Aircraft and

Submarine Satellite Optical Communications Systems Model (U)." Confidential

Report. NELC-TR-Z021. 1977.
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Table 3-7. Half-Angle IR4S Air-Water Interface Effects

U I V. Wind Speed .eAW

Knots Meters/Sec 1Milliradians Degrees

10 0 10 0
2 1.03 14.6 0.84

I4 2.06 20.7 1.18
8 4.12 29.2 1.67

14 7:21 38.6 2.21

26 13.4 52.6 3.0

32 16.5 58.4 3.35
38 19.6 I63.6 3.64

SLM PAC f -V ND S" to - mw

2.361.2Q.4 4.5 16.3 14.

%1pC I WINO D o w C n - v

Figure 3-8. Half-Angle MVS Air-Water Interface Effects as a function of Wind3 Speed V
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3.3.6 Relative Surface Foam Coverage

The energy transmission of the air-water interface is composed of the factors:

law a ( .aw )x (law 2).

for a • total energy transmission of the air-water interface

awl a air water interface transmission due to index of refraction
di scontinui ty

and law 2 - air water interface transmission due to foam and streaks on the
water surface.

This section treats raw 2, while 'aw I was discussed in Section 3.3.4.

Independent of the cloud conditions, a model relating the fraction of surface

covered to the surface wind speed is given byl

Cf - (1.2 x 10-S) V3-3. V <m/sec (3-12)

and Cf - (1.2 (10-S) V3 .3 (0.225 V - 0.99); V >9m/sec. (3-13)

for Cf a fraction of surface covered

V a surface wind speed in meters/sec.

Assuming the foam and streaks have an albedo of 1, the value of raw 2 is given by:

"a * I - (1.2 (10-5) ) V3.3 .V 9 .r/sec (3-14a)

and w 2" I " (1.2 (10")) v '3 (O.225V-0.99); V 'n/sec (3-14b)

Eauations (3-14a. b) are evaluated in Table 3-8 and Ficure 3-9 for V in meters/sec

(and knots).

Although this model neglects zenith angle effects, we shall adopt it pending further

experifwntal work.

References for Section 3.3.6

1. As cited in H.R. Gordon and M.M. Jacobs, "Albedo of the Ocean-Atmospheric

System: Influence of the Sea Foam," Appl. Opt. Vol 16 (8) pp 2257-2260.

Aug 1977.
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Table 3-8. Air-Water Energy Transmission Due to Surface Foam and Streaks
(Assuming a foam/streak albedo • 1)

V. Wind Speed

Knots eters/Sec Taw2

0 0 1

2 1.03 1

4 2.06 1
8 4.12 1

14 7.21 0.99

20 10.3 0.%

26 13.4 0.87

* 32 16.5 0.66
38 19.6 0.25

IFI
.2 0 0.1 4 16. 1 . n 2.4 '4. 13.0 2 1.6

-3-2

1 .3 •T

.g2

* £.I I . PI!

1...
Ige •-.Fa/tekSraeCvrg Tasiso essSraeWn

S'ee
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3.3.7 Water Energy Transmission-Signal

The energy transmission of the water portion of the propagation path is denoted

by . For most water types and receiver depths the dominant cause of attenuation

is the diffuse attenuation coefficient1 of the water, k. We therefore use the model:

-w exp - (k X (PATH LENGTH IN WATER) ).

The patn length in the water for :op 10 is given by:

5 AD/cos ( s )

for
D a receiver depth

s in water signal zenith angle.

From Snell's law,

n sin ( •w sin : (3-15)

for

n - water index of refraction

" in air signal :enith angle.

Table 3-9 and Figure 3-10 show the values of Equation (3-15) for n s 1.33.

Since many areas of the ocean have a layered structure for k. we modify our basic

equation for clear weatner or/thin cloud conditions to yield:

i
k__ __ 1 (ki D)

cos ('w Cos ( W)

where we have assumed there are j layers which differ in their k values, but not

in their indices of refraction. Therefore, the adopted model for -t 10 is

Jt 3-28
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Table 3-9. Relation Between In-Air and In-Water Signal Zenith Angles
(Assuming Sea-Water Index of Refraction, n * 1.33)

.s" In-Air Signal Zenith Angle :, In-Water Signal Zenith Angle
( Degrees ) ( Degrees )

0 0
5 3.75

10 7.48
15 11.19
20 14.86
25 18.48
30 22.02
35 25.48
40 28.82
45 32.03
50 35.07
55 37.91
60 40.5165 42.82

70 44.81
75 46.42
SO 47.61
85 48.34

I I T I I T I 

AA £ SaO~£AL ZINI?~ NG~ M WJ3 fttn -

Fi;;ur 3-:0. Relatiof Between In-Air and In-Water Signal Zenith Angles
'Assurinq Sea-Water Index of Pefraction. n 1 I.33)

2-29
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3.3. 'Continued)

TE exp Ju f1 1 or* _1Cos w p

* ~1fi n :i and 0
s On' I- I

For tntCk cloud cond.wons. the enlergjy peaks at -enith. Since Kis an effective

,'".Slcn coefficienlt. the thilck Ccoud water ener'y transmission is given by

ex k i , for ~ 0(3-16b)

"n is -rvdel is .jcerta in in mwany ways

7,1 , iQ e a' f to ase.

.3,ts a;olicaoilit, in ie-j Cear water ana, or at snal low receiver aeptsis.

:4-seq~uent'. 4*tno~gn it s th~e est mdel avai*-b'e no~w, it may te rvilsra

anen oetter irfo'~mt~on oecor-Jes availatle.

Qe'eeences 'cr Socticn 3.3.'

1 .. -owartmi, 14.E. -1yle and siq Stone, 'Subm'rine A~rcra't and Sublarine-

S atel its Cotical C,)ffjnicatlon System Model (U). Confioential Revort.

Z. V. Abraffawit2 and :.A. Stegun. editors, 4andbook of Motnematical Functions. ?IBS,

4Doj;a 4atfeatics Series 35. Governmnt Printing :fIe 4ovefter 1970.
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3.3.8 water Distribution of Radiance - Signal

There is no experimentally verified expression for the in-water distribution

of signal radiance as a function of incident beam collimation, incident beam

zenith angle, water properties, and receiver depth. Any model expression must

take into account the following items:

I (1) The in-air zenith angle of the signal;

(2) The radiance distribution incident on the water;

k3) The air-water interface effects;

(4) The In-water zenith angle of the signal;

(5) The in-water scattering effects.

Sk6; The in-wate'- absorption effects.

In considering these last two. we note that the energy should decrease away

J from zenith due to absorption, and depending on depth and the water properties.

We have therefore considered the following zenith angle dependencies for the

radiance at the submarlne receiver:

uI

1 (3) Sir - w

Sir.

., i -[ : y!1,
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3.3.6 (Continued)

for * a angle measured from the axis. or principal ray direction, of the

in-water signal radiance.

and 0 angle at wficn the signal radiance reaches a benchmark, i.e. 0 for (2)

(3) and (4). and e' for (5).

lie adopt (4). stn *wJ, because it is easy to work with. and appears to

give a reascnable representation of the assumed radiance.

is related to the half power point of the received radiance by the equation

I- cos ) 'Y Cos '2 c a:3-17)

121

1, Co- s # 0 sine 40 * 2 cos 0 -2

3 sin

Equation (3-17) is evaluated in Table 3-10. Values between those shown are

Otained by linear interpolation.
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I
Table 3-10. Relation of Radiance Zero Point, :0. and Received Radiance

Half-Power Point, for 1 - (sin %w/sin 0) Radiance

Distribution

1 (degrees) (degrees)
'2

3.8 5
7.6 10

11.4 15
15.2 20
19.0 25
22.7 30
26.5 35
30.2 40
33.9 45
37.5 50
41.1 55
4A.0 60
48.1b
51.6 70
54.9 75
58.2 dO

3.3.8 (Continued)

We adopt the 40SC developed expression for the half-power point In terms of

Incident beam divergence. air-water angular effects and in-water scattering

effects, and add them up as if they were three statistically* independent effects:

'1/ " * a *f a (3-18)

for
for water contribution

2

. all ( (3-19a)

C3 lOPT

Tnis is actually an epirical result, and appears to fit the NOSC experimental results.
A completely consistent theory of all these effects would not use the statistical
independence as the justification for this expression.
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3.3.8 (Continued)

112jf (0.0103
faw (OPT 10 (3-19b)

a 0 , OPT 10  (3-19c) !

and fa M (0.294 4T ;OPT " 10; (3-19d)

(3(3.10.)• (33"80)2' 'OPT >-10.(3 9 )

2for . ran squire single scattering angle in water

s - scattering coefficient in water

C a receiver depth

w , in-water signal :enith angle.

V e surface wind speed in knots

!OPT a cloud optical thickness

n a water index of refraction

* a * " irradiance full angle of in-air incident beam.

Equation 3-19a is the NOSC expresssion, and contains the only zenith angle

dependence for the radiance distribution. We could modify it for layering effects

' - S D - D and f - (f )) but shall not at this time, until

further experimental results are obtained.

Equations 3-19b and 3-19c are based on the discussion in Section 3.3.5.

Equation$ 3-19d is the refraction-corrected beam divergence of the collimated

incident beam, again assuming a Gaussian distribution In angle.

Equations 3-19e assumes that after penetration through thick clouds the light

has a uniform angular distribution at the water surface. Then. Snell's law imlies

that Just below the water surface, all the energy is contained within a Solid angle

of half-angle a 48.60, neglecting wave action. Then, defining the half-power

angle as the half-angle of the solid angle containing half of the energy, Imlies
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3.3.8 (Continued)

- cos : 0 (1 - cos 48.60)

or, ,u 33.80.

The radiance distribution enters into the expression for the received energy

by the expression

f ~I 1-' (O )  sin s. W

for f (sin /sin

. solid angle of the receiver,

0 full solid angle which all the energy is within,

a " half-angle of tne receiver field of view.

a off-set angle between receiver optical axis and axis of the

incoming light .

Therefore, for the general case,

& R d s sin W s

f 2- " Jsin ]0 (3-20a)

f &~ f d 4"n~
0 

-w n

for COS cos , cos * sin , n sin 8sin

For perfect alignment betwten the received light axis and the receiver

L (- 0), the integral can be analytically evaluated, with the result

3
3-35

I



_ )Co-

• • ; -Cos + 3 sin ;
I;": *-=s, I [cos r : sn - 2 cos -21

~~~V~ CO ;0 .2 O ~3sn O
S 1n I OS 0 I (3-20b )

I~ sin"' Ao
:quation t3-20a) mas oetn evaLjated in Figure 3-11. for s, 30 (Ftgure 3-h)

and : " •0 Figure 3-:;: ana a o. i N. o. Iu , no, a 50. 600.

aAid,,I lSi1 . '- /
NAZI A l 3"-:

I/ / i

t.6010 iaaw wm"f -i~tf %ll

"I..

"i II .I "ft

Figure 3- 1a f (440 ,'7 9 for * " Figure 3-l b f (-I. : 0, ;

for 0  0 70
0

These " SiltS wC:1 be uSed in Section 3.3.10.
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3.3.8 (Continued)

References for Section 3.3.8

1. R.E. Howarth. M.E. Hyde and W.R. Stone. "Submarine-Aircraft and Submarine-

Satellite Optical Comunications Systems lodel (U)", Confidential Report,

NELC-TR2021, 1977.

II
l
I

I

I
I
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3.3.9 Received Pulse Width/Shape

There Is no verified model which predicts the received pulse width and shape

at the submarine receiver as a function of cloud properties, cloud height above the

water, water properties, and the receiver field-of-view. We do not attempt to

develop such a final model here, but present some reasonable expressions for the

model we propose to temporarily adopt.

It is the universalI experience of experimenters (both real-world and computer

simulations) that after penetration of a multiple scattering medium, the received

pulse has a short rise time and a long falltime. Because of its nearness to Sucher's

computer simulations2 (as shown in Figure 3-1Z) we shall assume the underwater

receiver sees a pulse shape given by

J' te~kt I

Ifit) ute • (3-21)

The properties of this form are as follows:

Maxitmum value of f(t) occurs at t • i (3-22)

Maximt.m value of f(t) a e "; 0.368 t,4  (3-23)

Average value of t. defined as

If' ° t (3-24a)

f f kt) d tS

Half power points of f(t) occur at 0.233 t. and 2.6? tM. so the width between

half power points • 2.45 t". (3-24b)
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3.3.9 (Continued)

The rms value of t, defined as

f t 
2 ft) d t12

0 ,7 -6 -d- t1/ (3-24c)

f f(t) d t

Hence the variance of t is given by var t *t- t (3 2-2aI/

T and its standard deriation by [t - i2 m/ % tM (3-25b)

The area under the f(t) curve is given by

f 2f f (t) d t a t M (3-26)

0

In principle there are three significant contributions to the received pulse width,

which we shall define as the time between half power points.

2.45 tM  • (.t c *"tcw - t w) ( (3-27)

where we nave neglected the initial pulse width at the transmitter, assumed that

j the effects add serially, not statistically, and

' *t pulse width due to water portion of the path.

It additional pulse width due to cloud-to-water path.

I " t c  pulse width after emerging from the cloud.

I

I
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Figure 3-12. Comparison of f(t) and Bucher's Monte Carlo Pulse Shape

3.3.9 (Continued)

The additional pulse width due to the water portion of the path is caused by

the in-water multiple scattering, and so it occurs in the absence or presence of

clouds. As seen in Figure 3-13. a signal at a zenith angle of 00 and a receiver

of half angle ".R at a depth D leads to a pulse width (for a uniform contribution

throughout that field of view)

:t D -0o = all-t

,_ c,' Cos ') opt (3-28)

RL

for c - speed of light

n a water index of refraction. .

3
I
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Figure 3-13. In-Water Pulse Width Calculation Geometry

3.3.9 (Continued)

When the signal Zenith angle is not 0°• an additional pulse stretching occurs,

as show in Figure 3-14. The effect is given by

" tc , 0 tan " R sin "S" 1 0 (3-29)

II

Whefor signal zenith angle.

* M4hqn thick clouds are in the path, there is no single zenith angle defined below the

clouds, and so this expression will not apply.

For thin clouds (T pt (, 10) we have found no verified expression for the

cloud effects or the cloud to water effects. Since Equations (3-28) and (3-29)

already imply stretching to a few hundred nanoseconds. we can neglect the thin

cloud effects, and take

, :opt 10 (3-30)

I All zenith angles

For thick clouds we adopt the Stotts expression. (applicable for ,0 . 0.999) so that:

T 0.3 a21. IAc T 0.3 LO * 2.25 O " 42 1.5 "I 1 (3-31)

7r opt -0 TO 'opt "opt --10 .

All zenith angles
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Figure J-4. Signal Zenith Angle Induced Additional
Pulse Stretching

3.3.9 (Continued)

for T cloud geometrical thickness,

0 single scatter albedo.

mean scattering angle in the cloud.

Equation (3-31) has been evaluated in Table 3-11 and Figure 3-15 for the typical

values of .-0 1, ' 0.66 rad ( 37 ), and fixing T o iopt/c a 25 "opt suitable

for a strato-cumulus cloud. (Also shown for comparison is the result estimated in

Reference 2.1

These values probably overestimate the pulse widths at the lower values of

opt , but we shall adopt them until a verified model for all values of ,opt is

developed.

We use the values from Table 3-11 for Topt a 20, 40, and 60 along with the

normalized pulse shape [r(t) - (t.,2 ) t exp - (tltM)j to plot representative

pulses in Fig-ire 3-1,6. The drastic dependence of the pulse height and width on

optical thickness for the assumed model is clearly seen.
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Table 3-11. Typical "Thick" Cloud Pulse Broadening for - -1,
Oia370 and ucO.04 m -1  0

iopt Optical Thickness T, Geometrical Thickness (km) 1At Pl Width

10 0.25 1.15
2C 0.5 3.65
30 0.75 7.08
40 1.0 11.27
60 1.25 16.13
60 1.5 21.55
70 1.75 27.48
80 2.0 33.93
90 2.25 40.88
100 2.5 48.25

*; /W i

4' *

I I

o f O p t ic a l T h ic k n e s s ( .c *0 0 m -1 .
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3.3.9 (.Con' inued)

A careful analysis of the thick cloud to water propagation region has found

that it adds a negligible amount relative to "tc for reasonable cloud properties

and cloud heights. Hence we take

It 0. >opt 10  (3-32)

All zenith angles

We therefore have adopted a conplete model for all effects and all optical

thicknesses. It shall be used further in the next section.

References for Section 3.3.9

1. All present at the NWSC sponsored Cloud Propagation Symposium. March 1978.

2. E.A. Bucher. 'Computer Simulation of Light Pulse Propagation for Conuni-

r.ation through Thick Clouds." Apled Optics vol 12 (10) pp 2391-2400.

October 1973.

3. L.B. Stotts. -Closed Form Expression for Optical Pulse Broadening in Multiple

Scattering Media.* ,pp ed Optics vol 17 (4) pp 504-505, Feb 15, 1978.
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3.3.10 Overall Signal Equations

The optical detection mechanism responds to the received energy as a function

of time, I.e.. the instantaneous optical power. The total received optical energy

and the instantaneous optical power are related by:

E f P it) dt (3-33)

f0

for

* a total received optical energy per pulse, and

PQ(t) - instantaneous received optical power.

P A tl,, (3-34)

for AE 0 rmaliation parameter, and

f(t) - received optical pulse shape.

A E (3-35)

J f(t dt

fo

so "hat

a q - j. (3-36)

/ kf dt
. 0
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3.3.10 (Continued)

Using the received pulse shape of Section 3.3.9.

f(t) • t exp -( (t) (3-37)

I
f(t) dt -* t2, (3-38'

PR(t) " Et e t t(3 

9

for t . (2.45) " x (time between half power points). (3-40)

I The totl received optical energy Is given by the range equation:

ER e (Tr3nsmitted Energy per pulse) x (Transmitter optics transmission) x

I (Area ~f the Area of the receiver dph
Area of the illuminated spot at the receiver depth x

I Clear Abnospheric Energy Transmission) X (Cloud Energy transmission) X

(Cloud to Water Energy Transmission) X

(Air-water Interface Energy Transmission) X (Water Energy Transmission) X

(Receiver Optics Transmission) I

(Fraction of Incident Radiance within Receiver field-of-view). (3-41)

II
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3.3.10 (Continued)

We take

Ep a Transmitted Energy per pulse

"'T a Transmitter Optics Transmission

'R a Receiver Optics Transmission

d - Otameter of Receiver Aperture

R - Range from source to receiver
,2/

id _..4) - Area of the receiver

e Full angle e 2 irradiance angle transmitted into*

a Area of the ill winated spot at the receiver depth.4

a Clear atmosphere energy transmission, as di.cussed in Section 3.3.1

¢ M Cloud energy transmission, as discussed in Section 3.3.2

a Cloud to water energy transpission, as discussed In Section 3.3.3

"aw * Air-water interface energy transmission, as discussed In Sections 3.3.4

and 3.3.6

w * Water energy transmission. as discussed in Section 3,3.7.

N: a Water ra4iance distribution, as discussed in Section 3.3.8.

Therefore. the received optical energy is given by

€ • I .e/ a) R \ ° '  * o .
R 2/ a c CV aw *w f( 0 , R~ 32

The fraction of the incident radiance within the receiver field-of-view is given

by ('or perfect alignment between beam axis and receiver axis)

*This asses such 1arg spots that additional cloud and water spreading is
negligible.

3-48
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3.3.10 (Continued)

0 Jof (.1) • 0 1R 00 ( 3-43)

0 0,

for
R N half angle of the receiver field-of-view

:0 a off-axis angle at which incoming radiance equals zero.

Using the model adopted In Section 3.3.8.

S- Cos [ cos R sin 2 R cosR 3-43a )
f '  (a0 . ''R)  3 Stn 2 J

I - cos @3 " 1 cos sin 2 cos 0 -i
R 3 sin' 0  [

and (.o - )  1. for .R . (3.43b)

Using Equations (3-42). (3-" ) and (3-39) results in the evaluation of the instan-

taneous optical power in terms of all the other models.

39

I
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3.4 MOD"EL UCERTAINTIES

The sub-models contained in Section 3.3 have a number of uncertainties, due to

the lack of available experitental data.

3.4.1 Energy Transmission

The clear atmosphere transmission is wl1 understood at all zenith angles of

interest, so the model In Section 3.3.1 has negligible uncertainty.

The cloud energy transmission is not ell understood. Areas of uncertainty.

not directly treated In the present one-month planned experimeW, include the
transition ialue from thick to thin clouds, the incident zenith angle dependence,

the very-thick cloud (optical thickness >50) behavior, and the impact of the single

scatter albodo being less than 0.9999. Therefore, future work may modify the model
In Section 3.3.?.

ihe cloud-to-water energy transmission is a small effect and the model in

Section 3.3.3 should stand.

The air water interface transmission rodel in Section 3.3.4 and 3.3.6 has

little experimental verification, and nay require.modification in the high wind

speed/large zenitt angle regime.

The water energy transmission Is not ell understood. There are uncertainties

with regard to the correct characterization of water loss (absorption with a large
fraction of scattering), to thick cloud effects (is there extra water loss here if

the water loss coefficient is given by the diffuse attenuation coefficient?).
E1xer1mental results support the difference (up to 7 dB) between thick and thin

cloud received energy over a particilar field-of-view for one type of water at less

than operational lepths, but no absolute results exist. This area of uncertainty

needs to be resolved for the depths of interest and different water types.

"herefore, the model in Section 3.3.7 may be modified in the future.

3.4.2 Angular Effects

'he SPON model in Section 3.3.5 and .3. Is uncertain In two key areas: the

shape of the received radiance distribution fincluding its zenith angle dependency

which may be a small effect), and the angular extent of this radiance in clear and

cloudy conditions. ,he present model is based on experimental results at Shallow

4'o be Performed In AugustISeptemnber, 1979.
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3.4.2 (Continued)

depths, with one type of water and for small beats incident on the water (clear

- weather), or the sun (thin to medium cloudy weather). This model assumes that the

In-water, air-water interface, and incident angular distributions add in a root sum

of squares fashion, which is highly suspect when comparable values arise from more

than one contributor, e.g., the thi-ck cloud contribution (modelled as diffuse light

hitting the water) and the in-water scattering.

This uncertainty has a large effect on S.NR and hardware (the field-of-view
requirements interact strongly with the filter size and optical bandpass) and needs

to be resolved 'or the depths of interest, different water types and clear through

cloudy weather.

3.4.3 Temporal Effects

The model in Section 3.3.9 for pulse shape and pulse width in the SPOPH is

ncertain for both thin and thick cloud conditions, and needs to be experimentally

verified.

Consider the zenith angle/field-of-view dependence of the received pulse width

in clear weather/thin cloud condition. it may be that pulses more than a few

attenuation lengths 4n duration are unlikely, or that far longer pulses may arise In

clearer water conditions. (A related issue is the manner in which the varied

temporal effects add up.) This implies a large spread in values, for the

pulsewidth, resulting in large signal-to-noise ratio effects (up toV 10, at least).

and needs to be resolied for a receiver at operational depths and in varied water

types.

A f.rther umcertainty involves an interaction among energy transmission, field-

of-view and time-of-arrival. Does the energy arriving froi the "edge* of the field

arrive late enough to be useless in signal demodulation? This should also be

experimentally ascertained, since no time-rPsolved underwater experimental results

(i.e.. for short-pulse sources) presently exist.

(We do not consider here a filter which causes additional pulse distortion. If

such a filter does become the leading candidate for OSCAR Impl etation, the model

jj for both thin and thick clouds would have to be changed.)

Table 3-12 summarizes the uncertjinty status of the signal portion of the

3-51
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Table 3-1Z. Status of Signal Portion Models of SPDPM

COMMENTS ON

THIN CLOUD THICK CLOUD EXPERIMENTAL WORK
REQUIRED

ENERGY TRANSMISSION

Clear Atmosphere OK Not applicable None

Cloud Unknown, but Unknown First experiment planned.
small effect Extrapolation TBO.

Cloud to Water Not applicable OK None

Air-Water Interface OK, at small OK Minor
zenith 4s$

Water Unknown Unknown Needed

ANGULAR EFFECTS

Shape Partially Partially Should be done
verified verified

Out-of-Water OK Partially Should be done if other
Contribution verified related work is blanned.

In-water Contribution Partially Partially Needed for depth and
verified verified water type.

Combination of Effects Partially Unknown Needed
veri fled

TEMPORAL EFFECTS

Shape Unknown Unknown Needed

Cloud Not applicable Unknown Needed

Cloud to Water Unknown Not applicable 4eeded

Water Unknown OK (small Needed
effect)

Coumbination of Effects Unknow OK (cloud Needed
dominates)

I ,
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3.5 "PARAMETER VALUE" UNCERTAINTIES

There are two level of parameter uncertainties: the details of the input

parameters to the SPOP4 submodels, and the overall data base developments. This

section only considers the details of the input parameters; the overall data bases

are discussed in Section 5.6 and 6.6*.

3.5.1 Cloud

There are numerous uncertainties in SPOP4 inputs.

The inputs to the SPOPM include:

cos'i-o mean value of cosine of the single scattering angle. NOSC has set it

0.875 in their data base, but it is an inferred, not a measured, result. It Is

uncertain, but has a small impact.

,a vms angle for single scattering within the cloud. NOSC has set this

* 0.64 radian. Again it is an inferred and not measured result, but appears to have

little impact.

o (Single scattering albedo). 0.9999. but 0.999 or even 0.99 may be more

appropriate for some clouds. The impact of the smaller value, for very thick

clouds, is less pulse stretching and less energy transmission.

- average extinction co!!ficient of the cloud. This depends both on and

the particle density (as a function of particle size) in the cloud, n(r). wo Is not

conpletely know as discussed above. while n(r) is measured by instruments which may

have errors from 20. to 1000.. Nherefore, :c for a given cloud type must be

considered as uncertain.

T w geometric thickness of the cloud (note, octical thickness c T). This is

uncertain for a given cloud type (all stratus clouds do not have the same thickness,

of course) and poorly defined if the cloud surface is non-uniform. In addition,

according to the SPOP" -*del, it has a greater impact on pulse stretching than

does-

4oreover only the uncertainties of the environmental parameter are considered
here. The system design parameters are described In Section 5.6.
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3.5.2 Air Water Interface

There are uncertainties in the values of wind speed to use, and this may have

significant impact in bad conditions. For winds less than 20 kts, any uncertainty

in the value has a negligible impact.

3.5.3 Water

There are many uncertainties in the water parameters. The inputs to the SPDPI

include:

ki a diffuse attenuation coefficient of the i'th water layer. The values

presented by NOSC are uncertain in absolute nagnitude, but the wavelength trend is

correct.

OI  thickness of the i'th water layer. It is uncertain and has a significant

inpact on the system if the upper dirty water layer is thin compared to the

operational depth.

S* a RMS angle for a single scattering event In the water. The value provided

by NOSC is uncertain since it is based on an empirical fit to data at shallow depths

and for one type of water. This uncertainty could have a large mpact on the

required clear weather receiver field of view.

S a Scattering coef'icient for the entire path. It is uncertain whether its

value should be taken independent of depth, and in its absolute value for all water

types.

n - water index of refraction. 4o uncertainty.

.able 3-13 summarizes the uncertainty statis of all the parameters for the

signal portion of the SPOP".
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Table 3-13. Status of "Input Parameters" to the Signal Portion of the SPDPMI T

PARAMETER STATUS C"Y44ENTS ON EXPERIMENTAL WORK REQUIRED

Clear Atmosphere OK None

Cloud:

<cos OK None

OK None

Partially known No direct experiment possible

c Partially known Some work is planned during first cloud
experiment. Equipment may be too innacurate
for good results

T Partailly known Interpretation of data required

Cloud-to-Water OK None

Air Water Interface OK, for low Some required for bad conditions.
wind speed

Water:

ki  Partially known Required if not done by other contractors

0I  Partially known Required if available data not able to be
intervreted.

sl Partially known Required as a function of depth and water
type.

S Partially known May become available for surface water from
ongoing work. Needed for water at depth.

n OK None

L
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Section 4

j SINGLE PULSE DOWNLINK PROPAGATION MODEL - NOISE

This section discusses the model for the propagation of the noise relative to

a single signal pulse. The section is organized as follows:

4. Model Philosophy and Flow Chart - Noise

4.1.1 Philosophy of Approach - Noise

4.1.2 Model Flow Chart - Noise

4.42 Input Information for Noise Calculations

4.2.1 Sources

4.2.2 Clear Atrosphere

4.2.3 Cloud

4.2.4 Cloud to 'ater

4.2.5 Water

4.2.6 Air/Water interface

4.2.7 .Receiver

4.2.8 Signal Characteristics

4.3 Sub-Models

4.3. Clear Atnosphere Trans.-ission - Noise

4.3.2 :loud Enerqy Transmission - %oise

4.3.3 Cloud to Water Enerry Transr-ssion - Noise

4.3.4 Air-Water Interface Transmission - Noise

4.3.5 Air-Water Interface Angular Effects - Noise

4.3.6 Relative Surface Foar Coveraae

4.3.7 Water Energy Transmission - Noise

4.3.9 'ater Distribution of Radiance - 'oise

4.3.9 Detection Bandwidth

4.3.10 Averaae Background Power due to Sunlight

4.3.11 Average Backg-ound Power due to Moonlight

-4.3.12 Average Background Power due to Blue Skylight

4.3.13 Averaoe Backqround Power due to Stellar/Zodiacal Li.,t
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4. (Continued)

4.3.14 Average Background Power due to Bioluminescence

4.3.15 Noise Equivalent Optical Power Dependence on Noise Sources

4.4 Computer Program for Complete SPOPM

4.4.1 Introduction

4.4.2 Names of Variables

4.4.3 Listing

4.5 Model Uncertainties

4.5.1 Average Power Transmission

4.5.2 Angular Effects

4.5.3 Temporal Effects

4.6 Parameter Value Uncertainties
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4.1 Model Philosophy and Flow Chart-Noise

This section considers the basic aoproach used in the detailed models pre-

sentAd in Section 4.3, and presents flow charts showing the inter-relationship of

the sub-models and their required inputs. (These inputs are discussed in more

detail in Section 4.2).

4.1.1 Philosophy of Approach - Noise

Since all the background sources that must propagate through clouds are con-

tinuous in time, that part of the modeling related to the temporal effects is not

present here. This simplifies the noise modeling.

On the other hand. the sources of the noise are so different (sun, moon, sky-

light, star-light. bioluminescence. shot noise in the receiver amplifier, detector

dark current. etc.), that it has been difficult to develop a single unified approach

to all of them. The approach, therefore. is to:

(1) Express the noise contribution as a noise-equivalent-optical-power.

(NEPTOT ) which is the root sum of squares of all the noise-equivalent-

optical power contributions of the individual noise components. The

NEP.T is then directly comparable to the instantaneous received optical

Dower P (t) developed in Section 3. and the signal-to-noise ratio is

PR/NEPTOT; for 0R the peak value of the received signal power;

(2) Take the out-of-water background sources in terms of equivalent exo-

atmospheric radiances, and then their propagation through the atmosphere

and water path is treated in parallel with the signal energy transmis-

si n of Section 3.3. The angular effects and noise radiance distribu-

tion are also treated in a manner similar to that of the signal in

Section 3.

13) Take the noise contributions of the background sources as the 1-sigma

point in the fluctuations generated in the signal current by their steady

presence, and express their contributions in term of an equivalent

optical power;

(43 Treat the applifier shot noise, detector dark current and signal shot

[I noise in the standard way. and express their contributions in terms of an

equivalent optical power.

!
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4.1.1 (Continued)

(5) Present the modeling in a modular fashion, so that the effect of each

portion of the path is evident. In addition, as further experiments

and analyses are undertaken, pieces of the model may be upgraded

without requiring extensive modifications to the total model;

(6) Separate the cloud conditions into clear/thin cloud corresponding to an

optical thickness (TOPT)<10 ' and thick cloud for TOPT>10  Below TOPTE10

one set of sub-models is assumed to apply, while above it a different set

applies. In many cases these sub-models do not correspond at EOPT81O1

and so the overall model should only be used for =OPT<IO and IOPT>,O.

(Further analysis and experiments on the "multiple forward scattering"

region should enable the sub-models to be upgraded, and this inconsistency

removed).

(7) Assume appropriate and simple analytic forms for at-present unknown func-

tions such as the radiance distributions. This enables us to present

analytic results (except for the receiver axis offset from the beam axis

of the incident radiation), which is an aid to a physical understanding

of the situation.

4-
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4.1.2 Model Flow Chart-Noise

A schematic of the overall downlink single pulse noise equivalent power prop-

agation model is shown in Figure 4-1. Given the input parameters, the path energy

transmission and angular and radiance distributions are derived for the four "exo-

atmospheric" background sources. Then, using additional input data, the average

background power for all background sources is derived, and the noise-equivalent

optical power for all the noise components.

Figure 4-2 is a detailed flow diagram of the direct sunlight contribution,

showing the calculations that must occur to arrive at the required output. (The

flow charts for the moonlight, blue sky-light and starlight/zodiacal light are

identical to this one, while the simpler one for the bioluminscence is shown in

Figure 4-3):

(1) The input parameters are listed in the eight ellipses on the left hand

side of the figure. including source, clear atmosphere, cloud, cloud to

water, air/water interface, water, receiver and signal characteristic

parameters. (The symbols are defined in the glossary in Section 2, and

also in the input discussion in Section 4.2):

(11) The calculation equations are represented by the rectangular boxes.

Within each box is the symbol for the parameter to be calculated and the

equation number (from Section 4.3) for the equation to be used to calcu-

late that parameter.

The first quantity calculated is the cloud optical thickness, TOPT%

since this determines which equation should be used to calculate many

other parameters. Whenever // appears In a rectangular box, the equation

number preceeding it refers to TOPT '10, while the equation number

following it refers to *OPT .10. Hence, given the value of 'OPT' the

rest of the models to be used are specifically determined.

(11) The second set of calculations performed are of two types:

(a) Path transmission, including Ta , 'c ' ' w and Tw

(b) Angular and radiance distribution including fa' f' fwo to and

L R' (. ;
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Figure 4-1. Schematic of Typical Single-Pulse Noise Equivalent
Power OAltnk Propagation P sdeI

4.1.2 (Contitnued)

(IV) The path transmission, angular and radiance distribution, source and

receiver parameters are then used to calculate the average background

er due to tha~t source.

(v) The total average background power due to all sources is then calculated;

: (vi) The totl average background power, receiver and signal ch~aracteristitcs

are t~en used to calculate the total noise eqluivalent optitcal power.

Figure 4-3 shows the flow chart for calculatitng the average background

power due t~o bioluminescence. P81. This value of P enter into]

Figure 4-2 in the P calculatitons.
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4.2 Input Information for Noise Calculation

I This section discusses the form (and values in some cases) of the required
inputs to the noise model. in terms of the eight categories: source, clear

atmosphere, cloud, cloud to water, air/water interface, water, receiver and

signal characteristics,

I 4.2.1 Source

' There are five sources of the average background, which are treated here as

independent. These sources are: sunlight; moonlight; blue sky-light; starlight/

zodiacal light; and bioluminescence.

It is expected that these sources will be treated rationally when using them

as Inputs. so that when sunlight is present, only the blue-skylight will be expected

with a non-zero value; and when moonlight is considered to be non-zero, only the

starlight/zodiacal light and bioluminescence will be used with non-zero values.

I' We consider each of the five sources separately.

Symbol Description Units

1 The half-angle subtended by the sun at the Radlans
earth. Its value is taken as

1 4.65 10' 3 radians.

L Effective exo-atmospheric spectral radiance of Watts/(meters)2

the sun. This is the result of taking the (steradians)x(microns)

exo-atmospheric irradiance of the sun and

treating it as a hwmispheral source. The

| I result is2 (200/-) • 635.62 watts/(meters)2

(steradians)(micron) over the blue-green

I region.

4
I
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4.2.1 (Continued)

moon

Symbol Description Units

"mi2 The half-angle subtended by the moon at the Radians
earth. Its value is equal to 3 ) s/2

4.65 (103 ) radians.

LM  Effective exo-atmospheric spectral radiance Waitts
of the moon. As for the sun. this is the (meters) (Steradians)(Microns)

result of taking the exo-atmospheric irradiance

of the moon and taking it as a hemispherical

source. The result is4 (4.3/,) (10 3 ) a

1.37 (10"3) watts!(meters)2 (Steradians)

(micrens) for a full moon in the blue-green

region.

Blue Skyliht

Symbol Description Units

L Effective exo-atmospheric spectral watts
radiance of the blue-sky light. This (Meters) (Steradians)(Mlcrons)

is estimated fron a private coniuni-

cation (from L. Stotts of NOSC) to be100 wats/[ meter) 2  (srad) (micron].

I

!

I
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4.2.1 (Continued)

Starl ight/Zodiacal Light

Symbol Descript :.,n Units

LZ  Effective exo-atmospheric spectral (Watts/ (meters)2

radiance due to all non-lunar night time (Steradians)(mlcrons)]

sources. The value6 is 3 (10-6) (watts/

(meters) (srad)(micron)] in the blue-green

spectral region.

Biol uminescence

Symbol Description Units

LBL Spectral irradiance of the ambient Latts/(meters)2

bioluminesce sources at the aperture of (microns)]
the submarine receiver. The value for

this parameter is least well known of all

the background contributors. We use the

values provided in the SAOCS RFP. so

that' 0L (I0"' watts/M 2 microns.

4.2.2 Clear Atmosphere

The required parameters are:

Sy I Description Units

b Effective clear atmospheric optical thickness.

For a zenith transmission of 70%; b • 0.357

In-air solar zenith angle RadianssuIn-air lar zenith angle Radians

DMu In-air lunar zenith angle Radians

rv
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4.2.3 Cloud

The required parameters are:

Symbol Description Units

T Geometric or physical thickness of the cloud. Meters

c Average extinction coefficient of the cloud. (Meters) 1

-su In-air solar zenith angle Radians

In-air luar zenith angle Radians

.-cos * The average value of the cosine of the

scattering angle for single scattering within

the cloud.

-0 Single scattering albedo of a cloud particle

4.2.4 Cloud to Water

No parameters in this area affect the noise properties.

4.2.5 Water

The required parameters are:

Symbol Description Units

ki  Diffuse attenuation coefficient of the i'th water (Meters) "l

layer.

Di Thickness of the i'th water layer (Meters)

In-water Solar Zenith Angle RadiansSu
w
mu In-water Lunar Zenith Angle Radians

n Water Index of refraction

sl Root-Mean-Square angle for a single scattering Radians

event in the water.

s Scattering coefficient for the entire water path (Meters) I

D Depth of the submarine receiver Meters

4-12



4.2.6 Air/Water Interface

The required parameters are:

Symbol Description Units

0su In-air solar zenith angle Radians

Imu In-air lunar zenith angle Radians

V Surface Wind Speed Meters/Second

n Water Index of Refraction

4.2.7 Receiver

The required parameters are:

Symbol Description Units

R Half-angle of the receiver field of view Radians

* Off-set angle between the in-water noise source Radians

beaum and the receiver optical axis

!R Transmission of the receiver optical chain

d Diameter of the receiver optical apert:.re Meters

Bop t  Passband of the optical filter Microns

(kT) Thermal Noise contribution in the amplifier Joules

F aExcess amplifier noise over thermal noisea

G Gain of the photo-detector

(-e/h- ) Responsivity of the photo-surface Amps/Watts

RL Load Resistance following the photo-detector Ohms

Iad Drk current at the detector cathode Amps

F Excess noise in the photo-detector gain

0 Depth of the submarine receiver Meters

4-13
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4.2.8 Signal Characteristics

Two parameters from the signal characteristics which enter into the Noise

calculations are:

Description Unit

t Time after pulse initiation at which It peaks, Seconds

for a t exp - (t/t) shape.

PR Peak value of the received optical signal power. Watts

References for Section 4.2

1. Handbook of Geophysics. Revised Edition (The MacMillan Co., New York, 1960)

pp 17-1. 17-2.

2. Reference 1• p 16-15, Figure 16-10.

3. R.C. aynes. :ntroduction to Space Science, John Wiley and Sons, (New York,

1971) pp 4-5.

4. W.K. Pratt. Laser Covunication S,stems, John Wiley and Sons (New York, 1969)

p. 123, Figure 6-9.

5. Reference 4, p 121, Figure 6-6.

6. Reference 4. p 122, Figure 6-7.

7. T. Flom. P.J. Titterton. et al, "Optical Submarine Communication by Aerospace

Relay (OSCAR)," Secret Report, Interim Report No. 2, May 1, 1978, Contract

No. N00039-77-C-0100. p 3-22 to 3-24.

I1
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4.3 SU8-MDOELS

This section develops all the equations used in the calculation of the noise

contribution to the total noise equivalent optical power.

Sections 4.3.1. 4.3.2. 4.3.3, 4.3.4, 4.3.6. and 4.3.7 consider the path trans-

qission of the energy.

Sections 4.3.S and 4.3.8 consider the angular effects and the distribution of

the received radiance.

Section 4.3.9 considers the electrical detection bandwidth in terms of the

received pulse width.

In each of these sections. after the equations are developed they are evalu-

ated for typical cases In both tables and figures.

Sections 4.3.10 through 4.3.14 then derive the average background optical

power for the five types of background sources, and Section 4.3.15 presents the

expression for the total noise equivalent optical power due to all noise sources.

4-15
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4.3.1 Clear Atmospheric Transmission-Noise

In the absence of any clouds or aerosols, the clear atmospheric transmission
e 1

is described by the term T. . Using the approximate AFCRL model , the solar (or

lunar) zenith angle dependence is given by:

I a exp (-b sec ). (4-la.b)

for 7a' a solar (or lunar) clear atmospheric transmission

b m effective clear atmosphere optical thickness

Su a solar zenith angle.

(For the lunar case. is rerlaced by mu " lunar zenith angle.)

The typical value of b is determined by

.a. (:Su • 0) - 0.7 - exp (-b),

or b - 0.357.

Table 4-1 and Figure 4-4 show the values of a . as a function of solar zenith

angle.

The other two out-of-water sources of background radiation are taken as

uniformly distributed over the hemisphere. Then the effective atmospheric trans-
mission is weighted by the transmission at each zenith angle, or. for the blue-sky

and the stellar sources.

2- f d sin " d 'A exp - [b sec

0 a.a 2- -12

f df sin -
o o07

-,a E 2b)(41od"
i for blue sky or stellar background, (4-1c, d)

4-1I6
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Table 4-1. Typical Clear Atmospheric Tranwmission (b-0.357)

IsSolar Zenith Angle Ta Clear Atmospheric Transmission

0 0.7

10 I0.7
20 I0.68
30 0.66
40 0.63

so 0.57

60 0.49

70 I0.35

go 0.13

Ztfr INU- O
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with E2 (b) - exponential integral2.

For b - 0.357, E, (0.357) * 0.42.

References for Section 4.3.1

1. R. A. McClatchey, R. W. Fenn. J. E. A. Selby, F. E. Volz and J. S. Garing

"Optical Prooerties of the Atmosphere (Revised)" AFCRL-71-0279, 10 May 1971.

2. M. Abramowitz and I. A. Stegun. editor, Handbook of Mathematical Functions,

NBS Applied Mathematics Series 35. Government Printing Office. November 1970.

p 28.

PJ
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4.3.2 Cloud Energy Transmission - Noise

J The transmission of sunlight or moonlight by clouds does not have an exneri-

mentally verified expression. Most work in cloud transmission has been a broadband

treatment of transmitted irradiance (watts/m2 ), and there have been no experiments

which collected the total energy emerging from thick or thin clouds.

We propose to adopt a number of different (but consistent) models, depending

on the characteristics of the noise source.

For the sun and moon we shall adopt the same model as for the signal

(Section 3.3.2) with the exception that both the sunlight and moonlight do spread

out with zenith angle, and thus the extra cosine factor is always present.

Therefore, for the sun

[O t'1 os cos , 1.69 - 0.5513
cs :ot(I - .-Cos 1.72 c suS4s

+ 2.7173 :2 - 6.9866:3 + 7.1446 4 - 3.4249 5
Su Su su su

• 0.6155 , x 13(1-<cos-z) (1- o) 4

(1-' ) , 1.42
e {cos) o 1-1-0)TOPT + I-cosA>1j

1 - exp (- cosi- o) (1-". o + -OPT2

for -
P Icsl

opt 10; (4-2a)

I1- 0.085 1.69 os 2

opt 10(1- <cos ,) * .4 I

for T _ 10; (4-2b)

i "C S s su. for "opt 0 . (4-2C)
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4.3.2 (Continued)

where

-' a cloud energy transmission of direct sunlight."cS

opt - optical thickness of the cloud

<cos "> - mean cosine of the scattering angle

and

* solar zenith angle

As before,

opt " T c (4-3)

for T - geometrical thickness of the cloud, and 'c " mean extinction of the cloud.

For the moon

-'" • ,, " 1.69 - 0.5513 + 2.7173 z
c: opt (1-<cos ) + 1.42 co s Mu mur

- 6.9866 3 * 7.1446 4 - 3.4249 5 * 0.6155 6
Mu1 M uMU~

x1.4
x __.2_____ ______ .4V3 (,--:Cos--s) (I-D -OPT +.-Cos,'->

_______________t 1.421
ext 0 --os%)]-, +]

for( OP 1JOPT (1-4cos*

1- extD - 2 43 (1-,.cos,--) 1-. 0 PT f--cos->

cm ii0.0 Topt 1 .69 > l . 4t co:, )*1I

for - IO; (4-4a
OPT

for OC - 10; (4-4b)

and

cos fo " 0. (4-Ic

.7-
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Io
4.3.Z (Continued)

where

4.M. cloud energy transmission of direct moonlight,

and :mu lunar zenitn angle.

The typical energy transmission (for -cos i> - 0.83) described by

Equations (4-2) and (4-4) is shown in Table 4-2 and Figure 4-5.

The zenith angle dependence for both regimes of 'opt is shown in Table 4-3

and Figure 4.6.

Again there is a discontinuity in the zenith angle dependence at Topt 10

which we shall ignore. pending a verified model of cloud energy transmission.

The other two out-of-water sources of the ambient background are approximated

as uniform sources distributed across the full hemisphere. Then an extra factor

arises due to their distribution in angle of incidence upon the cloud. This extra

factor is given by

-/2

J (:) sin : d

4i2In 4-2



Table 4-2. Typical Energy Transmission for Sunlight and
Moonlight at Zenith (-cos - 0.83, ; a 1.

-I I I '.CodEeyTrnt.tnj opt' Optical Thickness Cs'CM Cloud Energy Transmision

0 1
2 0.91 .1
4 0.82
6 0.72
8 0.63

10 0.54
20 0.35
30 0.26
40 0.21
50 0.17
60 0.15
80 0.11 
s0 0.13
90 0.10

100 0.09

Li

0.5

Z C60/U4COPUON MIA
) .4

0
0 10 20 30 40 60 M so go o 1 to0

CIPCMAL tlCKNOS - r

Figure 4-5. Thick and Thin Cloud Energy Transmission Versus

Optical Thickness, for <cos A- 0.83. w0 a 1.

4-22I ________--_. .. . . ... . .. .



Table 4-3. Zenith Angle Dependence of Sun and Moon Cloud Energy

I Transmission (Normalized to aSu 0 and sow a 0)

sul Omu Zenith Angle Thick Cloud Dependence Thin Cloud DependenceI I1 (Topt >- 10) (Topt 1- 10)

0 1 1
10 0.96 0.97
20 0.90 0.88
30 0.79 0.75'40 0.66 0.59

500.50 0.41

60 0.34 0.25
70 0.20 0.12
o80 10.08 0.03

85 0.03 0.008

I
1.0

0 i

4- * 3.2 4 2

- ~ 0  5 O e 0 us0 , m0uc i M 918

9MO II NL
! Io

FtUr 46 hnadTiCodZnt nl eedneo lu

I Tranm~ CLUon Nmlzd CLoO Zenith

Fiui46.Ti ndTikClu-eit2 nl3Dpneceo lu

I TrnmsinNraie oZnt



4.3.2 (Continued)

for f(,) a 1 - 0.3262 : * 1.608: 2 4.1341 t3 + 4.2276 4 2.0266: + 0.3642 6

a cos - for thin clouds
- zenith angle of the incident light.

Evaluating this integral we find it equals approximately 2/3 for thick clouds and

1/2 for thin ones.

Therefore, for the blue sky background, the cloud energy transmission is given

by

C T (I- -cos . 1.421 2V3(1- -cos ) o- jO )  iopt 14
opt 1- -cos 6>

exp opt1- cos .) +opt 1.-21

x

-exp - V(1 cos +.)(-)~~ 1.42

for > _0, (4-5a)

(1~ o i) for- *10, (4-5b)~

opt

an ~a1for T 10 (4-5c,'
*oopt) an d ' for .

( - c ;

CB opt
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4.3.2 (Cutinued)

The discontinuity at -opt a 10 is again present, and again neglected until a

better experimentally-verified model is derived.

Note Equations (4-5a, b) are independent of solar zenith angle. However, the

strength of the radiance incident from the blue sky does depend on solar zenith

I angle.

For the moonless night case, the stellar/zodiacal light cloud energy trans-

I mission is given by

Co1. 1.421 .43(1-cos )(1-,0) o 2

I exp - [V (1- -cos ~3) (1I'"0) ) "opt A ]
3exp .- ,Co + .42op+ - sfl

- exp - V3(1-.cos -) (- :opt + 1.420o t 1-- cos ( - a

I ex , 30 (l-.os c.) 1.42

"~ forpt "O (4-6a)
and

0.085 opt 1]6
2' 10 (1- -cos + 1 4

for -10, (4-6b)I

andC I .z for"opt 0 (4-6c)

Table 4-4 and Figure 4-7 show a typical cloud energy transmission as a function

; of cloud optical thickness for these uniform sources of ambient background.

II
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Table 4-4. Typical Cloud Energy Trans-.'ssion for Blue Skylight and
Stellar/Zodiacal Light (.cos J- • J.33...1)

-opt, Optical Thickness cb" cz' Cloud Energy Transmission

0
20.46
4 0.41
6 0.36
8 0.32
10 0.27 (thin); 0.36 (thick)
20 0.23
30 0.17
40 0.14
50 I 0.11
60 0.1
70 0.087
80 C.073
90 0.067

100 0.06

6 r-

• 5- -

20 ".'0 : .. ", .. .0 50o, 0 90 10

m -4

x1

C TICAL ! ICKNf$ - Go

Figure 4-7. Typical Cloud Energy Transmission for Blue

Skylight and Stellar Light (-cos e9 - 0.83, .0-a.)
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4.3.3 Cloud to Water Energy Transmission - Noise

Because the sun and moon are effectively sources of infinite plane waves, and

the blue sky and stellar background cover the entire hemisphere. there is no "spot"

or "beam" enlargement in propagatIng from the cloud base to the water surface.

Therefore. the transmission of noise energy from cloud base to the water surface

Is given by:

' cw (4-7)

for all cloud conditions.

42
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4.3.4 Air-dater Transmission - Noise

The energy transmission of the air-water interface is composed of two factors:

aw ' (Taw 1) 1 (Taw 2) (4-8)

for raw, Total energy transmission of air-water interface

'4w I - air-water interface transmission due to indaex of refraction

discontinuity

raw 2 - air water interface transmission due to foam and streaks on the

sea surface.

,his section treats • aw '. while r ' Z is discussed in Section 4.3.a. For thin

clouds and clear weather ('10t <1) the solar and lunar energy transmission is

aiain given as a function of wlid speed and solar/lunar zenith angle in

Table 4-5 and Figure 4-6.

For diffuse or uniform radiation incident on the sea-surface, we use the

approximatlon in Section 3.3.4 (which neglects wave effects) and take ' * 0.83.

r aw Is * 0.3, root 4t0; (4-9)

-- m a.m 9 J-83. 7Oct >110; (410

and for blue sky

aw :B " J.93. all values of ropt. j (4-11)

ind for stellar zodiacal lioht.

r aw 0 .83. all values of root  (4-12)LI
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Table 4-5. awls AW Time Averaged Downlink Air Sea Interface
Transmittance (for Thin Clouds, -opt :10)

j~ ___ vI Wui he ___

0 031 077 0374
-I 0971 0172 Oso094 )70j0 j

90 086 W ) 0)41 02918 " o" OJ V
is 0941 09 043 0 W O3 13 40019 O2
20 0320 031 01171 0914 ol 97 00 A '
is GS7 il 01814 GUI 17 O7 ,10 0" OS
30 0847 084 4 08 Q41 $7 OL 029 S1 02
i1 010 0 % a717 a?07147" 082 0M -7
&0 0 747 01S 0743 0 741 0738 0733 0 723 0721 0722

OW 0 0184 ouI 0677 0673 0666 069" 50
s g 1061 0617 0611 C61 6K 61 066 011MGo8Ol

014 01 " W O43 0140 0136 0136 0134 OW

04o 046 " 04 66 0464 04 a44 0444 0,444 0443
6S 0M 036S 0361 03111 0387 0383 0381 0333 033M
70 0" 0216 0233 0303 0310 031S 03221 0321 0323
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go 0 002O6 00300 00184 0018W 00661 0106 01l7 0124
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0.4

0 s '0 is 30 23 30 is 40 45 w0 is .0 63 10 75 0 Is

:rNtHt ANcti - co C*

Figure 4-8. Air-Sea Interface Transmiittance as a Function of Suan or Poon
Zenith Angle and Surface Wind Speed V
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4.3.5 Air-Water Interface Angular Effects - Noise

The wave slopes on the sea surface cause an overall increase in the beam diver-

gence of an incident beam. or. equivalently, the apparent angular size of the

r source as viewed from an underwater point-of-view. dith regard to the background

sources. only the sun and moon for clear weather conditions (ropt l0) will be

appreciably affected.

Again. using the Karp model discussed in Section 3M3.5,

,9su,mu , 0.0103 vl/2 (rop t <1) (4-13a)

for 4e su RMS induced half-angle spread for the sun;

aw

V • surface wind speed in knots.

For all ropt,

B.Z 3 (41)
a"

for L-a' 4 effect on blue sky source;

• effect on stellar/zodiacal source

Also 40 sum .(Ot>0 (4-1 3b)1aw

since the light is diffuse after emerging from the thick clouds.

Taoles 4-6 and Figure 4-9 evaluate (4-13a) for V in knots (and meters per second).

Since the full angular subtense of the sun (and the moon) is O.S degres. this

effect will substantially increase its apparent size. The relative contribution of

Afaw to the distribution of noise radiance at the receiver is discussed In

Section 4.3.8. Except for the clearest water it is a small effect, and so the

impact of neglecting zenith angle effects, and dissimilar wave slopes in the dowl-

[ wind and crosswind direction, may be negligible. We therefore adopt this model

until Detter Information is available.
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Table 4-o. Ri4S Air-date Interf'ce Induced Half-Angle Effects (root !10)
Sun and/or !oon

IV. Wind speed 0 Su or mu

Knots 7 Hawters/Second R1 I rada Degres

U0 0 0
2 1.03 14.6 0.84 1

4 2.06 20.7 1.18

8 4.12 29.2 1.67
14 7.21 38.6 2.21

2j 410.3 46.2 2.65

26 13.4 52.6 3.0

32 16.5 58.4 3.35

* 38 19.6 63.6 3.64

UAV ACI INDOM, t N t?S -v

Figure 4.9. R14S Air-water Interface Effect as a Function of Wind Spee V
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4.3.6 Relative Surface Foam Coverage

The energy transmission of the air-water interface is composed of two factors:

aw * (-law ) X ('eaw 2).

for T '. - Total energy transmission of the air-water Interface

V awl a air water interface transmission due to index of refraction

di scontinui ty

and r aw2 " air water interface transmission due to foam and streaks on the

water surface.

This section treats r awZ' while T'S., has been treated in Section 4.3.4.

The surface foam coverage and itS effects ar taken to be independent of the

noise source and cloud conditions. As discussed in Section 3.3.6. for a foam

aledo a I.

; ?'aZ . I - (1.2 (1O"-) ) V3.3. V <9 m/sec. (4-15a)

and r'w2 " 1 - (1.2 (10- 5 ) ) V3.3 (O.225V-O.99).V .9 m/sec. (4-Ib)

for V a surface wind speed in meters/sec.

Equation (4-ISa.b) is evaluated in Table 4.7 and Figure 4-iC for V in knots 'and

meters/second).

Although this model neglects zenith angle effects we shall adoOt it pending

further experimental work.

4

.
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Taole 4-7. Air Water Energy Transmission Due to Surface Foam and Streaks
(Assuming a Foam/Streak Albedo • 1)

V, Wind Speed

Knots Meters/Second aw?

0 0

2 1.03 1

4 2.06 1
8 4.12 1
14 7.21 0.99

20 10.3 0.96
26 13.4 0.87

32 16.5 0.66

38 19.6 0.25

V - "Ow e,

k 4, I L L 1 .2 10.3 14. 1.5 II.A

UA AC1.1,4 RO -- S

'4-3

3 3.

4 .4 1 4 4 ,,2 " 6 0

Figure '4- ,0. Foam/Streak Surface Coverage Transmission Versus Surface Wn
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4.3.7 Water Energy Transmission - Noise

The energy transmission of the water is denoted by w'" The angularly

localized noise sources (sun and moon) behave similarly to the signal energy

transmission discussed in Section 3.3.7. thus we take:

(ktDi)

to •s exp - - (4-16a)

WSU U
fo r w -I | I

• s sin' - sin :u

and D .O
. i 'opt -
1-1

where ki * diffuse attenuation coefficient for the i'th water layer;

3• thickness of the Vth water layer

0 • receiver depth

n * sea-water index of refraction

:suw * in-water solar zenith angle

, - in-air solar zenith anqle;

(k D|

and exp " 131 (4-17a)

* ~Cos m

for sii

sin si

* and 0, 0, O,0.

where w in-water lunar zenith angle;

m U in-air lunar zenith angle.
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4.3.7 Continued)

Moreover for the thick cloud conditions,

, Su a exp - k1  . for opt . (4-16b)

and, in the sane way

ex k 0 for 10. (4-17b)

For the blue sky and starliqht/zodiacaI lioht background sources, the same

- dels should aDoroxirately apply for all 'opt* Therefore.

e ' for all ot (4-18)

1~ 11op

and

Sexp kD , for all opt, (4-19)

wno

This -%odel is uncertain in

, T+ he values of ki to use;

T he values of DO;

(3) 7 is applicability n very clear water and/or at shallow receiver depths.

It is th4. best model available now and it will be revised when better infoa-
tion becomes available.
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4.3.8 Water Distribution of Radiance - Noise

There is no experimentally verified expression for the in-water distribution

of background radiance as a function of source character, source zenith angle.

water properties and receiver depth. As discussed in Section 3.3.8, we therefore

adopt the expression

in :o

as an estimate of the angular distribution, with

w in-water angle measured from the axis, or principal ray of the noise

source.

0 is related to the half power point of the received radiance by the equation

1-(cos " __,_n_
" :0 cos ) sin ) + 2 cos (4 )

3 sin. 

1 - o "0 sin2  * 2 cos - 2 (4-ZOa)

3 sin 2 0 3

Equation (4-20a) is evaluated in Table 4-8. Values between those shown are obtained

by linear interpolation.

Aoain assuminq that the in-air incident beam spread, air-water beam spread and

in-water scattering induced spread are statistically independent effects, we adopt

the 4SC I model:

[12 fw + . fa] 112. (4-20b)

for all four out-of-water background sources. For solar and lunar sources

fw water contribution

1 cosl w , all OPT (4-21a)
su
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Table 4-8. Relation of radiance zero point, 0. and received radiance
half-power point. ;y for 1 - (sin ,w/ sin ,0)2 radiance
distribution

'1i (degrees) 1/2 (degrees)
2

3.8 5
7.6 10

11.4 15
15.2 20
19.3 25
22.7 30
26.5 35
30.2 40
33.; 45
J7._ 50
41.1 55
44.6 60
4C.1 I 65
51.6 /0
54.) 75
58.2 0

4.3.8 (Continued)

and f s Z . all O (4-22a)

wCOS wO

while for the distributed background sources of blue sky and stellar/zodiacal

light.

Sl2 sO. all ".OPT (4-23a)

for "2 - mean square single scattering angle in water
s.
s a scattering coefficient in water

0 a receiver depth

su* • in-water solar zenith angle

- a in-water lunar zenith anqle.
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4.3.8 (Continued)

3 Again, for solar and lunar sources

I uaw "(0.0103 V) 2 ; IOPT 10 (4-21b), (4-22b)

I 0 ; OPT >1 0. (4-21c), (4-22c)

I

V - surface wind speed (knots), as discussed in Section 4.3.5.

IFor the distributed sources,

7 77a w "  . alI ", OpT  (4-23b)

Finally. for the sun and moon.

- (33.8)2. OPT (4-21e)

I and 41)2 ( %_ 7 O ; (4-22d)

1 - (Ab.a°)2; cpT )10. (4-ZZe)

for n - water index of refraction.

"s/2 - half the angular substense of the sun (-(1,'4)*)

and ; */2 half the angular substense of the moon (.,(l/4)

These eouations have been discussed and derived in Section 3.3.8. For the

distributed SOUrCes.

f•a (33.8"12 all "0ot•
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4.3.3 (Continued)

In general, the receiver will be directly viewinq the signal, while the back-

ground source enters at an off-axis angle. Then the fraction of the noise radiance

wnicn enters the receiver is given by

R 2'
wwSd.f d :w sin i )

f \sin so'

f0 0

0 R'
& 0 w sn n I-

d . insn wo
0 s 0 (T:_) (4-24a)

for hl-nlofthe receiver field of view

off-set angle between axis of nioise source and receiver optical axis.

This expression will be used further in Section 4.2.10 and 4.2.11.

(4-24a) aoplies to the background sources in thin cloud conditions. Under

thick cloud conditions, both signal and background will appear to arrive from the

zenith. ana so ;-. For tnis cas-2.

C-os"Rcos -COS " cos . sin + nCos -

Lo R"hl-nl ftercie Ri jo ve

o -e CSe etween [isofc Se sin' :o receis -2] is.

References for Section 4.3.8t.

1. R.E. ltwarth. M.E. 4yde and W.R. Stone. "Submarine-Aircraft and

Submarine-Satellite Optical Communications System Model (U),"

Confidential Reort, snELC-TR-2021. 1977.
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4.3.9 Detection Bandwidth

The required electrical detection bandwidth to optimally detect the pulses

discussed in Section 3.3.9 is not known at present. In lieu of such a result we

assume:

1) The receiver has foreknowledge of the expected pulse width;

2) ( .4 (4-25)

for 8 electrical detection bandwith

t" • time at which pulse peak value occurs after pulse start, for a

pulse shape f(t) - t exp - (t/tm).

-or gaussian shaped pulses" and detection filter. (4-25) is the nearly optimum

latch.* As further work is done In the area of the real pulses to be expected

here. (4-25) may be revised.

Equation 4-25 is evaluated in Tatle 4-9 and Figure 4-11 for the pulse-widths

and optical thizknesses develope1 in Section 3.3.9.

Taole 4-9. Typical Detection Bandwidths for Pulse Width Conditions of Table 3-11

opt T ..t It . B
.ptical hckness Geom. Thickness Pulsewidth Peak iime Eitection Bandwidth

(kin) (-;sec) (..sec) (kHz)

10 0_15 1.15 0.47 348
20 0.5 3.55 1.49 110
30 0.75 7.08 2.89 56.5
40 1.00 11 27 4.6 35.5
50 1.25 16.13 6.58 24.8
60 1 .50 21.55 8.8 13.6
70 1 75 27.48 11.22 14.6
80 2.00 33.93 13.85 11.8
90 2.25 40.88 16.69 9.8

100 2.50 48.25 19.7 8.3

j "H.P. Westman, Editor, Feference Data for Radio Engineer. Fifth Edition. p. 29-5,
(M. W. Sams & Co.. New York, 1969).
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Figure 4-11, Detectton Bandwidth for Pulse-Wtdth of Table 3-11
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4.3.10 Average Background Power Due to Sunlight

The average optical. background power in the receiver due to the sun is given

by an equation analogous to that developed in Section 3.3.10 for the received optical

signal energy. We therefore take

P * (Spectral Radiance at Receiver Aperture Due to Sun) Xsu

(Receiver optics transmission) X (Receiver Area) X

(Receiver optical filter banpass) x (Receiver Solid Angle) X

(Fraction of incident radiance in this receiver field of view).

(4-26)

We take

?R " Receiver optics transmission

d v Receiver aperture diameter

• Area of rcceilr &p'tttie

B op t  Recuiwcr ctical filter barcrzes

* Half-Angle of the receiver field of view

T(I-cOS' .  Receiver field ef view sol'd argle

L SU Spectral Radiance at Receiver aperture due to the sun

and

, fraction of incident radiance within receiver field of view.

Then

i2
'L -1T 2- (1 - Cos (4-27)(:SU " SU Bopt o" R"

Because the Sun is a CW source. we use the energy transmission formalism to

develop the expression:
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4.3.10 (Continued)

L su a (Exo-atmospheric effective solar radiance) X

(Clear Atmosphere Energy Transmission) X (Cloud Energy Transmission) X

(Cloud to Water Cnergy Transmission) X

(Air-Water Interface Energy Transmission) x (Water Energy Transmission),

(4-28)

and we use

s  Exo-atmospheric effective solar radiance

. a Clear atmosphere energy transmission, as discussed in Section 4.3.1;

* Cloud energy transmission, as discussed in Section 4.3.2;

.c Cloud to water energy transmission, as discussed in Section 4.3.3;V

aws Air-water energy transmission, as discussed in Sections 4.3.4 and 4.3.6;

- Water energy transmission, as discusscd ir ecticn 4.3.7.

Gathering these expressions we find

su s a '"cs cw 'aws 'wsu (4-29)

The fraction of incident radiance within the receiver field of view depends on

the angular separation between the axis of the receiver field of view and the in-water

solar zenith angle, as developed in Section 4.3.8.
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4.3.10 (Continued)

•10 JOd w sin I- sin

C 2°d/°oo. , . 1,oo
0 sin sin (4-30

for o cos 5 1 Cos 0 Cos 1SUR + sin *w sin ISUR sin e (4-31)

and SUR angular separation between solar beam axis and receiver optical axis,

" off so'ar beam axis angle at which the solar radiance goes to zero.

These expressions will be used in the development of the Noise Equivalent

Power expression in Section 4.3.15.
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4.3.11 Average Background Power Due to Moonlight

The average optical background power in the receiver due to the moon is

completely analogous to that for the sun discussed in Section 4.3.10. We therefore

taKe

PI a (Spectral Radiance at Receiver Aperture Due to moon) X

(Receiver optics transmission) X (Receiver area) X

(Receiver optical filter bandpass) X (Receiver Solid Angle) X

(Fraction of incident radiance within the receiver field of view).

(4-32)

We take IR a Receiver optics transmission.

d a Receiver aperture diameter,

id
2

"T- Area of receiver aperture,

Bop t • 9eceiver optical filter bandpass,

"R " Half-Angle of the Receiver Field of View

2- (1- Cos- R ) - Roceiver field of view solid angle

Lmu Spectral radiance at receiver aperture due to moon

and
' (o , ) " Fraction of incident radiance within receiver field of view.

Then

S mu Lmu (R B ) opt 2 (1 - cos R)f. (:o' "R' )  (433)
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4.3.11 (Continued)

Because the moon is a CW source, we use the energy transmission formalism to

develop the expression:

Lmu 0 (Exo-atmospheric effective lunar radiance) X

(Clear atmosphere energy transmission) X (Cloud energy transmission) X

(Cloud to water energy transmission) X

(Air-Water interface energy transmission) X

(Water energy transmission). (4-34)

and we use

Lm • Exo-atmospheric effective lunar radiance;

a • Clear atmosphere energy transmission, as discussed in Section 4.3.1

cm' •Cloud energy transmission, as discussed in Section 4.3.2.

-cw ' Cloud to water energy transmission, as discussed in Section 4.3.3

awm " Air-Water energy transmission as discussed in Section 4.3.4. and 4.3.6.
ard

"Mu" Water energy tra.-smisston, as discussed in Section 4.3.7.

Gathering the various expressions we find

L.. (4-35)
m Lm a cm cw awm wmu

As for the sunlight, the fraction of incident lunar radiance within the receiver

field of view depends on the angular separation between the optical axis of the

receiver field of view and the in-water lunar zenith angle. As developed in

Section 4.3.8,
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4.3.11 (Continued)

" da R do' sin

f.. d f 0o dew sin w -\sino

0 sin 0(4-36)

forl

: •cos cosa w os HU *sinw sin URsin t
-1 Cos Cos (4-37)

and

5 MjR • Angular separation between lunar beam axis and receiver optical axis

* Off lunar beam axis angle at which the lunar radiance goes to zero.

These expressions will be useo in tMe development of the Noise Equivalent Power

expression in Section 4.3.15.
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4 . .12 Average Background Power Due to Blue Skylight

f The average optical background power in the receiver due to the blue skylight

is partially analogous to that for the sun and moon discussed inSections 4.3.10

and 4.3.11. We therefore take, for the average optical background power due to

blue skylight:

PBS (Spectral Radiance at Receiver Aperture due to the Blue Sky) X

(Receiver optics transmission) X (Receiver area) X

(Receiver optical filter bandpass) X (Receiver solid angle) X

(Fraction of incident radiance dtthin the receiver field of view).

(4-38)

We take

IR a Receiver optics transmission;

d a Receiver aperture diameter;

T- Area of receiver aperture;

8 op t a eceiver ootical filter bandpass

.R malf-Angle of the Receiver field of view

2(1 - cos a Receiver field of view solid'angle

L3S " Spectral radiance at receiver aperture due to the blue skylight.

):' . . . Fraction of incident radiance within receiver field of view,

and

BS\ - ± I! - 1-cs '(L Rot 2- 11-csR Nof o0 .R (4-39)

Because the blue skylight is a cw source, we use the energy transmission

formalism to develop the expression:

LBS (Clear sky exo-atnospheric effective radiance) X

(Clear atmospheric transmission) X (Cloud energy transmission) X

(Cloud to Water Enerey Transmission) X

(Air-Water Interface Energy Transmission) X (Water Energy Transmission)

4(4-40)
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4.3.12 'Continued)

and we use

LB a Clear sky exo-atmospheric effective radiance.

Ta - Clear atmospheric transmission, as discussed in Section 4.3.1,

g Cloud energy transmission, as discussed in Section 4.3.2,

- Cloud to water energy transmission as discussed in Section 4.3.3,

awB " Air-water energy transmission, as discussed in Sections 4.3.4 and 4.3.6,

I a Water energy transmission, as discussed in Section 4.3.7.

Gathering the expressions we find

L L (4-41)
LBS LB 'a 'Lb cw awB 'wB

Again, the fraction of blue-sky radiance within the receiver field of view

is given by

2 "R 1- sin :
dj. d.w sin :w[ . ), (4-42)

f"R,; Os! 0 0 \sin ;o

f 2d,.j-0 d:" sin w I( sin

for 2 •Cos Cos 4 cos BR + sin sin BR sin (4-43)
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4.3.12 (Continued)

and 6 BR a Off zenith pointing angle of the receiver axis,

while

;0 a Off-zenith angle at which the blue sky radiance goes to zero.

These expressions will be used in the development of the Noise Equivalent

Optical Power expression in Section 4.3.15.
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4.3.13 Average Background Power Due to Stellar/Zodiacal Light

The average optical background power in the receiver due to the nighttime

distributed sources of stellar and zodiacal light follows the patterns established
in the previous three sections. We take, for the average optical background power

due to these sources:

PZ (Spectral radiance at receiver aperture due to the stellar/
Zodiacal light) X (Receiver optics transmission) X

(Receiver Area) X (Receiver optical filter bandpass) X

(Receiver solid angle) X (Fraction of incident radiance within

the receiver field-of-view). (4-44)

We again lake

R a Receiver optics transmission,

d - Receiver aperture diameter,

-d&

-F* Area of receiver aperture,

B T  Receiver optical filter bandpass;

* Half-Angle of the receiver field-of-view;

2- (1-cos R) • Receiver field-of-view solid angle;

LZS * Spectral radiance at receiver aperture due to the stellar/zodiacal

light;

f 0 ( , - Fraction of incident radiance within the receiver field-of-view;

:0 Off-axis angle at which the received radiance goes to zero, as

discussed in Section 4.3.8.

Then,

R ( ) ) ( (4-4S)
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4.3.13 (Continued)

Because this background source is cw, we use the energy transmission formalism

to develop the expression:

LzS * (Stellar'Zodiacal Light Clear Sky Effective Exo-Atmospheric

Radiance) X (Clear Atmospheric Transmission) X

(Cloud Energy Transmission) X (Cloud to Water Energy Transmission) X

(Air-Water Interface Energy Transmission) X

(Water Energy Transmission) (4-46)

and we use

Lz Stellar/Zodiacal Light Clear Sky Effective Exo-Atmospheric Radiance,

a • Clear Atmospheric Transmission, As Oiscussed in Section 4.3.1,

7 c: Cloud Energy Transmission, as discussed in Se.tion 4.3.2,

: Cioud to Water Energy Transmission, as discussed in Section 4.3.3,

Air-Water :ntertace Energy Transm'ssion, as discussed in
Sections 4.3.4 and 4.3.6.

'Water Energy Transmission, as discussea in Section 4.3.7.

Gathering the expressions we find:

L, (4-47)
LS a c:. cw 'awz wZ (

Again, the fraction of stellar/zodiacal radiance within the receiver field-of-

view is given by

" 0 d; sin : - n :-
i l .,, ',f s in ;

d; 0 cl w sin :w 1 sin 2

li. 0 f sin -048

I4;5
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4.3.13 (Continued)

for *w cos Cos w cos zr + sn W sin zr sin

ard Izr Off-zenith pointing angle of the receiver axis.

These expressions will be used in the development of the Noise Equivalent

Optical Power expression in Section 4.3.15.
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4.3.14 Average Background Power Due to Bioluninescence

The final source of optical background power is the local bioluminescent sources

which are stimulated to emit by the submarine motion, or other disturbances in the

water. This is modelled in a slightly different way than the previous four sources,

and cloud and water properties have only an indirect effect on this source strength.

We therefore write for the average background power due to bioluminescence.

PBL * (Spectral irradiance at receiver aperture due to bioluminescence) X

(Receiver Optics Transmission) X (Receiver Area) X

(Receiver Optical Filter Bandpass). (4-50)

and we set

L BL * Spectral irradiance at receiver aperture due to bioluminescence,

R Receiver Optics Transmission,

d a Diameter of Receiver Aperture.
-dZ

- Area of Receiver Aperture,

3 0PT * Optical Filter Bandpass.

Therefore,

P 8L L BL( 'R ( .)T(4-51)
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4.3.15 Noise Equivalent Optical Power Dependence on Noise Sources

In general , a direct detection optical communication system has four indepen-

dent noise contributions, which include thermal (or amplifier) noise, dark current

detector noise, signal shot noise and background shot noise. These are noise

sources insofar as they generate fluctuations in the electrical current present in

the detection system. It is conventional to write the "noise" as the 1-- point of

the fluctuating electrical current, assuming the noise sources add independently

and are steady in character.

Because we have derived a signal level in terms of the instantaneous received

Optical Dower, it is appropriate to describe the noise components in terms of a

Noise Equivalent (Optical) Power. as derived from the post-detection electrical

power.

'e write, for a phitomultiplier tube type of detector.

4EP E~i - NP' W. +NEP(4-52)
4Eto t dc s8

for

4EPtot 0 Total Noise Equivalent (Optical) Power due to all sources

NEPth • Noise equivalent optical power due to thermal or amplifier noise

NEP • Noise equivalent optical power due to photo-detector dark current

NEP SS  " ,oise equivalent optical Power due to shot-noise generated by the

% i a 1

Vpa a Noise equivalent optical power due to shot-noise qenerated by the

Bai kqround.

Then

4 (C) B F '
%kr) B a (4-53)

'4EPT [G" (
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4.3.15 (Continued)

for

(kT) - thermal noise energy * (Boltzn's constant) X (Absolute Temperature)

8 • electrical detection bandwidth, as discussed In Section 4.3.9

G - Detection gain

Photo surface quantum efficiency

e - charge on the electron

h-. - enerqy per signal photon

e./h% photo-surface responsivity

RL - load resistance

Fa a Aplifier noise figure.

For the dark current contribution.

2 e 9 F G' I R, ]1e 1 /
NEp DC 2 (4-54)

L ~ e/ h.
G (,, e,h,.- RL

for

F a excess noise In the detector gain

and 11 a dark current at the photo-cathode.

For the siqnal shot noise contribution.

r F -'A2 A 1 12
e e B F (-e/h,) G PR 2 e B F P

E Kpss 2 )2  (,,e/v) J,.S ( e/hJ ' R L

for PR • peak received optical signal power at the photo surface, as discussed in

Section 3.3.10.

Vinally, the Cd ,%ckqround contritlutes
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4.3.15 (Continued)

e 8: F Gz (n*/hv) R L  " t ) 2 e 6 F i P 8

_ _ _ _ _ _ _ _ ..... ,(4-56)
) ~GZ (-*/h%)Z RL -/y

I " P I  * *PZ i(4-57)
for , 8 " P mu + P BS + * P BL (4 57

P a Average background power due to sunlight. as discussed in Section 4.3.10;

P • Average background power due to moonlight, as discussed in

Section 4.3.11;

P5S A verage background power due to blue skylight, as discussed in

Section 4.3.12.

P. • Average background Power due to stellar,'Zodiacal light, as discussed

in Section 4.3.13;

and P81 9 Average background power due to bioluminescence, as discussed in

Section 4.3.14.

Tw comments are in order at this point:

. f the signal shot noise dominates the noise components, the formulation .

slould be re-evamined to insure that enough photo-electrons are being

generated to mate it applicable;

Z. , -ot all the averaqe background contributors will be present at any one

time. which will be accounted for in the time-of-day modeling of the .
respective spectral radiances. i1

;i
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4.4 COMPUTER PROGRAM FOR COMPLETE SPOPM

4.4.1 introduction

Figures 3-2 and 4-2 provided the basis for the computer program to perform

calculations for the Single Pulse Downlink Propagation Model (SPOPM). The program

is blocked out as shown in Figure 4-12.

Parameters whicn Ray be varied often are read from a data file, SPPM DATA.

Tne values can be cnanged by editing this file.

The main program, SPPM, will display all parameter values prior to execution,

then read parameter values for its use. Initial calculations are followed by a

brancn to one of the three cases: thin cloud, thick cloud, and clear atmosphere.

Aithin each case, signal calculations are perfonred first. This is followed

by noise contributions from sun, moon, blue sky, stellar and zodiacal light, and

oioliminescence. The final calculations include NEP's and the output follows.

There Is a lirited error message capability, primarily to handle cases where

certain iariaules fall outSide allowable limits.

Siecial finctions can be jseo by all three cases. These include lootup tables

and a numerical double lntegral.

4.4.2 Na-vs of Variables

3ecause of the limitation of available Cnaracters in the FORTRAN IV programing

language. many variables usel in previous sections of this document required redefi-

nition. Wherever possible, names were kept the same or very similar:

Ii
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TEXT PROGRA4 DEFINITION

c C Speed of light

IDd 1 Photocathode dark current

Jtner variables were changed to a greater extent, but an attempt was made to make

me new name easily understandable and relatable to the text name:

TEXT PROGRAM DEFINITION

B BWE Electrical Detection
Bandwidth

Bop T BWOPT Receiver Optical Filter
Bandpass (Bandwidth)

3 DEPR Receiver Depth

Because of the large nuner of text variables involving T, 7 and t3, many

of these required redefinition. First all angles ( ) were redefined to start

with letters other tnan T (see below). Most program T variables are transmissions,

wltn tne following exceptions:

TEXT PROGRAM DEFINITION

TABS Absolute Temperature

D THWCI ith water layer til-ness

T THGC Geometrical Cloud
thickness

THOPTA Effective Clear Atmosphere
ptical Thickness

OPT THOPTC Cloud Optical Thickness

t TI Time Variable

t TIPEAK Time of rulse peak, relative
to ;1ulse start

There are also several orogram internal variables beginning with T which have

no couterpart in tne text.

The large number of transmissions have led to a systematizaiton of these. They

are all of the followin form:

4-61I
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4.4.Z (Continued)

A ) 8 C

AA/88" Nothing

where T signifies transmission; A or AA is a one or two letter designation for the

energy source; B or B8. for the medium or interface; C. a further description if

necessary.

A8AAa.88 C
SG - signal A-air F - foam + streaks on

surface

S - Sun C - Cloud

M - noon CW - Cloud to water N - index of refraction

BS - Blue Sky AW - Air Water
Interface

Z - Ste1l1ir/Zodiacal W - 63ter
Light

*'.. TSGAWN is transmission of the signal through tie air-water interface

considerlig refractive index effects; TZC is stellar/zodiacal light transmission

througn clouds. Text variables which correspond are awl and cz*

Angle variables have bseen renamed to begin with A for non-referenced angles,

and ZA for Zenith Angles:

TE.T PROGRA14 DEFINITION

ASCAT Cloud particle mean
Scattering Angle

ZASA Solar in-air zenith
angle

Unfortunately. some variables had to be defined quite differently from text variables:

TEXT PROGRAM DEFiNITION

cos - COSACS Man Cosine of in-
Cloud Scattering
Angle

-!lb. RESP Responsivity

d DIAR Receiver aperture
diameter

A list relating text and program variables follos:
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IA
ADLTA - s Offset angle between receiver optical axis and axis of the

I incoming light (signal section)

ACSCAT * a Cloud particle mean scattering angle

I ATBWF a T Full angle exp (-2) transmitter beanwidth

I AMSW aSl " Mean square single scattering angle in water

ANSWI or ANSW(I)OuS1 1  Mean square single scattering angle in water for ith layer

I ARFOV R R Half angle of the receiver field of view

AS a S12 Half of the angle subtended by the sun

I a M/2 " Half of the angle subtended by the moon

ARDWSG - a Off-axis angle at which in-water radiance goes to zero

ABKJ4P • Half-power angle of the background radiance

AOLTAS a
ADLTAM - 1 Offset angle between receiver optical axis and axis of the
ADLTA - incoming light

ADLTAZ a'

ARDWNS,M.B.Z a * Off-axis angle at which In-water radiance goes to zero

(noise section)

I SWE - B • Electrical detection bandwidth

BWOPT a Bp T  Receiver optical filter bandpass

I
C

CF a Cf a Fraction of sea surface covered by foam and streaks

C I C • Speed of light

COSACS -.cos.- a mean cosine of the in-cloud scattering angle
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DEPR - 0 - Receiver depth

OIAR - d a Diameter of receiver aperture

DPWW .'tw  P ulse width due to water portion of the path

DPWCW tcw Pulse width due to cloud to water portion of the path

DPWC • 2tc  pulse width due to cloud portion of the path

E

EP4OR? - AE  Energy to instantaneous power normalization parameter

ER • ER • Total received energy per pulse

EZ * E, * Exponential integral

ET - Ep * Transmitted energy per pulse

EXTC c a Mean extinction coefficient of the cloud

FW • f " Water contribution to received beam half-angle

FAW aw * Air/water interface contribution to received beam half-angle

FA • fa Atmospheric contribution to received beam half-angle

FWI or FW(I) • wI " Contribution of i'th water layer to received beam half-angle

FSG 0 • Fraction of incident radiance within receiver field of view
f'(:Of -R- 'SR ,)

F'WSV, F1, f* Noise water contribution to received beam half-angle

FWSS, FZO w

FAS, FAM, • ff Noise atmospheric contribution to received beam half-angle

FABS. FAZ
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F (Continued)

I FAWS, FAWM. , f a Noise-air-water contribution to received beam half-angle

FA&1BS, FAWZ aw

FNS. FNM. (noise) - Fraction of incident radiance within receiver field of view

FNBS, FNZI
G

Gm G a Detection gain

GAMT T Transmitter optics transmission

GAMR y Receiver optics transmission

H

HCW - H Distance from cloud base to water surface

HNU a hv • Energy per signal photon

IRAW • I(:W) Hater radiance distribution

ID I d D Oark current at the photo cathode

L
J j • Nuner of water layers present from surface to submarine

receiver

IK
KO a k - Diffuse attenuation coefficient of the water

KI or K(U) k i  Diffuse attenuation coefficient of the i'th water layer

KT - (kt) - Thermal noise energy - (Boltzmann's constant) x (absolute

temperature)

KBOLTZ - Boltzmann's constant
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LSR - LSU * Spectral radiance at receiver aperture due to the sun

LSX a LS a Exo-atmospheric effective solar radiance

LMR a LM a Spectral radiance at receiver aperture due to the moon

LMX - LM • Exo-atmospheric effective lunar radiance

LBSR - LBS • Spectral radiance at receiver aperture due to blue sky light

LBSX a LB  Clear sky exo-atmospheric effective radiance due to blue sky

light

LZR a L7S a Spectral radiance at receiver aperture due to stellar and

zodiacal light

LZX - LaZ  Clear sy exo-atmospheric effective radiance due to stellar

and zodiacal light

LBLR L LBL Spectral irradiance at receiver aperture due to bioluminescence

M

NOISF - F a Excess noise in detector gain

NOISFA Fa • Ampllfier noise figure

NOEX - n • Water index of refraction

NEPTOT a NEPToT a Total noise equivalent optical power due to all sources
NEPTH a NEPTH 4oise equivalent optical power due to thermal or amplifier

noise

NEPID • NEPDC , Noise equivalent optical power due to photo-detector dark

current

NEPSS •EPSs - Noise equivalent optical power due to shot-noise generated

by the signal

NEPSB a NEPa a Noise equivalent optical power due to shot-noise generated

by the background
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OMEGO - 0Cloud particle single scaller albedo

OMEGR -. RU Solid angle of the receiver

OMEGW a Full solid angle containing the incoming in-water radiance

P

PR * PR(t) u Instantaneous received signal power

PRS P Average optical power at receiver due to the sun

PRM P MU •  Average optical power at receiver due to the moon

PRBS * PS " Average optical power at receiver due to the blue sky

PRZ * P Z Average optical power at receiver due to stellar and zodiacal

light

PRBL P PBL " Average optical power at receiver due to bioluminescence

PRPEAK - P " Peak received signal power

PH IHLF s " a + f a + f"I, a aw w

Q

Q q • Parameter describing ability of satellite transmitter to

correct for zenith

OE * e Charge on electron

R

RANGE - R * Range from satellite to submarine

SRL - RL  Load resistance

RFLW - R(:S) * Sea surface reflectance

* RESP - (ne/h.) • Responsivity

RPS • f(t) • Received pulse shape

4
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SCATO S Water scattering coefficient

SCATI or SCAT() a si - Scattering coefficient of i'th water layer

T

THOPTA a b • Effective clear atmosphere optical thickness

TABS - Absolute temperature

THGC a T - Geometrical thickness of the cloud

TI - t - Time

TIPEAK 9 tm  Time after pulse start at which peak value occurs

TSGA - - Signal clear atmospheric energy transmission

TSGC - • Signal cloud energy transmission

THOPTC PT  Optical thickness of the cloud

TSGCW cw Signal cloud to water energy transmission

TSGIAW •aw Signal total energy transmission of air/water interface
aw 2

"S !Ak •:awzl Signal air-water interface energy transmission due to the

index of refraction discontinuity
TS 7aA F • aw Signal air-water interface enerqj transmission due to foam

and streaks on the sea surface

SGW =ignai water energy transmission

TSBkA. "ZB.A
7 , A
TSS6KA Background clear atmospheric energy transmission

a

* •' Cloud energy transmission of the direct sunlight

T4C a M Cloud energy transmission of the direct moonlight

7SC a " Cloud energy transmission of the blue skylight

TZC 7',r- "Cloud energy transmission of the stellar and zodiacal light

76KCW • cw Background cloud to water energy transmission
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IT (Continued)

TSAW

TMAW

TBSAW " Total background energy transmission of the air-water
TZAW interface

TBKAWF - AWZ Background air/water interface transmission due to foam and

streaks on the sea surface

TSAWN • 7AWIS * Solar air/water interface transmission due to index of

refraction discontinuity

IAWN a AWIM a Lunar air/water interface transmission due to index of

refraction discontinuity

TBSAWN - Awl Blue skylight air/water interface transmission due to index

of refraction discontinuity

TZAWN • a Stellar and zodiacal ligiht air/water interface transmission

due to irdex of refraction discontinuity

TSW a a Solar water enerqy transmission

" a " Lunar water energy transmission

TBSW • -" a Blue sky water eneriy transmission
- 8WB

7TW "WZ Stellar and zodiacal 11qht water enercy transmission

I
TABLE I - Tare of • for T4OPTC 10

7ASLE 2 - 71ble of r

I
!

V a Surface wind sDeed

!
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ZASGA • a Signal in-air zenith angle

w
:ASGW - = Signal in-water zenith angle

ZASA a Solar in-air zenith angle

ZAMA - -,u 2 Lunar in-air zenith angle

ZASW • a Solar in-water zenith ang'esu

ZAMW • w Lunar in-water zenith anqle
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4.5 MOOEL UNCERTAINTIES

The sub-models contained in Section 4.3 have a number of uncertainties, due to

a lack of experimental work. (The uncertainties in the signal models was discussed

in Section 3.3.)

4.5.1 Average Power Transmission

Two additional undertaintles arise in the models in Sections 4.3.1, 4.3.2,

4.3.3, 4.3.4, 4.2.6, and 4.2.7, in addition to those present in the signal energy

transmission models.

Clear atmosphere transmission for solar or lunar zenith angles greater than 850

is not correctly given in the SPDPM.

Air-water interface transmission for solar or lunar zenith angles greater than
850 is also not correctly given in the SPDPM.

The importance of these two inaccuracies is undeterynined. until we estimate
how often such conditions apply to the scenario. This will be done in future work.

4.5.2 Angular Effects

The same uncertainty effects apply here as for the signal angular effects.

4.5.3 Temporal Effects

At present all the background sources in the SODPM are taken as steady state.

The bioluminescent background may have enough temporal structure to invalidate this

model, but no definitive results exist at present.*

Table 4-10 summarizes the uncertainty status of the noise portion of the

SPDPM.

*Again, a pulse distorting filter is not treated in these sub-models. Should it
become the leading candidate for the optical filter, the temporal sub-model would
need modification.
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Table 4-10. Status of Noise Portion Models of SPDPt

C D HK OCOMMENTS ON

THIN CLOUD THICK CLOUD EXPERIMENTAL WORK
REQUIRED

AVERAGE POWER

Clear Atmosphere Partailly Not applicable Large zenith angle prob-
verified lens. Imact TBD.

Cloud Unknown but Unknown Signal experiment
small effect applicable. Large zenith

angle effects TBD.

Cloud to Water Not applicable OK None

Air-Water interface Partially OK Large zenith problems.
verified Impact TBD.

Water Unknown Unknown A signal experiment
would be applicable.

ANGULAR EFFECTS

Shae Partially Partially Should be done.
verified verified

Out-of-Water OK Partially Should be done if other

Contribution verified related work is planned.

Air-Water Interface OK OK None

In-Water Contribution Partially Partially Needed for depth and water
verified verified type.

Coiilnation of Effects Partially Unknown Needed
veri fied

TEMPORAL EFFECTS

Bioluminescence Temporal character unknown as a function of depth, loca-
tion, submarine speed, season. Some experimental work
is needed.
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4.6 PARAMETER VALUE UNCERTAINTIES

In addition to those parameter value uncertainties discussed in Section 3.5

for the signal portion of the SPOPM, the noise portion parameters are uncertain

with regard to background levels.

The solar and lunar parA.ters are not uncertain. The effective strength of

the blue skylight background (and its solar zenith angle dependence) is uncertain

and requires clarification. It has a significant impact since for thick cloud

coditions the system may be skylight limited at high latitudes.

The starlight/zodiacal light parameters are not in question.

The strength of the bioluminescence is very uncertain, as is its distribution

in depth, season, time of night, location, and its response to stimulation such as

submarine motion. This is important since for the value of 10"3 watts/(m 2-micron)

used in the SPDOPM the system is bioluminescent limited for many water and cloud

conditions.

Table 4-11 sumwarizes the uncertainty status of the "parameter" values for

the noise portion of the channel characterization.

4 9
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Table 4-11. Status of "Input Parameters" to the Noise Portion
of the SPDP?

PARAMETER STATUS COMMENTS ON EXPERIMENTAL WORK REQUIRED

Clear Atmosphere OK j None

Cloud:

'cos -' OK None

OK None

0 Partially No direct experiment possible

c Partially Some work is planned during first cloudkno experiment. Equipment may be too inac-

curate for good results.

Partially Interpretation of data required.
known

Cloud-to-Water OK None

Air Water OK. for low Some required for bad conditions.
Interface wind speeds

Water:

k| Partially Required f not done by other contractors.
known

D Partially Required if available data not able to be
known interpreted.

sl Partially Required as a function of depth and watersiknown type.

S Partially May becomne available for surface water
known from onqoing work. Needed for water at

depth.

n OX None

Background Levels:

Blue Skylight Partially Needed
known

Sioluminesence Unknown Needed

4-96

S .. .



[

Sect ion 5

DOWNLINK COWqUICATION MOOEL

This section discusses the model for the optical communication link from a

satellite to a submerged submarine. The section is organized as follows:

S.1 Downltnk Communications Model-Philosophy and Flow Chart

5.1.1 Philosophy of Approach - Downlink Comnunication Model

5.1.2 Model Flow Chart - Downlink Communication Model

5.2 !nput :nformation

5.2.1 Environent

5.2.2 Requirements

5.2.3 System Design

5.3 Sub-models

5.3.1 Area Relationships

5.3.2 Temporal Relationships

5.3.3 Message

5.3.4 Modulation/Oemodulation

5.3.5 Scanning Relationships
5.3.6 Receiver and Source

5.3.7 Availability/System Effectiveness and Adaptive Scanning

5.4 Computer Program for the XM'4

5.4.1 Introduction

5.4.2 4anes of Variables

5.4.3 Listing

5.5 Model Uncerta'nties

5.5.1 Area Relationships

5.5.2 Temporal Relationships

5.5.3 Message

I .. I
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5. (Continued)

5.5.4 Modula'4tion/Demodu1ation

5.5.5 Scannig RelationshipS

5.5.6 Receiver and Source

5.5.7 Avatlability/System Effectiveness

5.5.8 Included SPDPM Sub Models

5.6 Paramter Value Uncertainties

5.6.1 Environment

5.6.2 Requirements

5.6.3 System Design
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5.1 Downlink Communications Model-Philosophy and Flow Chart

This section explains the basic approach used in the detailed models presented

in Section 5.3, and presents flow charts showing the interrelationships of the sub-

models and their required inputs. (These inputs are discussed in more detail in

Section 5.2.)

5.1.1 Philosphy of Approach-Downlink Communications Model

This model is an intermediate step between the Single Pulse Downlink Propaga-

tion Model (SPOPH) and the Full OSCAR Communication System architecture. We have

therefore used the approach that:

1. The SPOPM is fully available for use;

2. This Downlink Communication Model (0CM) treats the problem of comunicating

to a specific area by a single satellite within a single time Interval. It

does not consider the entire OSCAR coverage area. a complete satellite con-

stellation suitable for covering that area, the system effectiveness of any

part but the downlink communication link of the OSCAR system, etc. As such

It is a building block in the complete system architecture just

as the SPDPM is a building block within this Downlink Communication

Model.

3. For a given interval of time, the full OSCAR system requirements must be

met. During this time interval, the satellite location, sun location, and

moon location are completely specified. In addition, the area which must

be communicated with is described both geometrically and with regard to

its complete propagation environment;

4. The coverage area is resolved into equal-area resolution elements, each

with a uniform value of the environmental parameters and each small enough

so that signal and background zenith angle effects vary negligibly across

the element. Then each element is represented by a mean value of latitude

and longitude and the SPDPM is evaluated at that point, with results which

apply throughout the resolution element.

S. A single system design is tested to see how well it meets OSCAR require-

ments. Besides all the normal transmitter and receiver hardware param-

eters, this system design considers:

5
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5.1.1 (Continued)

a. The satellite location

b. The choice of demodulation technique(s)

c. The choice of post-detection processing for anti-jam of time-of-peak

demodulation i

d. The choice of scan technique.

6. This system design Includes consideration of all the times involved,

including source warm-up time, dead-time between frames, slot widths,

and time to slew to a new spot.

7. The minimum spot dimensions are dependent on their overlap, the adjacent

spot revisit time, the satellite short and long tern pointing jitter,

the scan technique and the total time allowed to cover the area.
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5.1.2 Model Flow Chart-Downlink Counication Model

A schemtatic of the overall Downlink Communication Model is shown in Figure 5-1.

The input parawaters are designated as environment, requirements, and system design.
£ Using these inputs, area relationships and receiver parameters (chiefly the valueL of S, the angle between receiver axis and the incoming beam) are developed. In

parallel, source parameters (like required prime power), message, and modulation/
demodulation equations are evaluated. The modulation/demodulation and area rela-

* tionship results are used to determine the scanning parameters, and then all the
parameters are used as inputs to the availability analysis. Finally, temporal
relationships (like the source on-time) are evaluated from the source and avail-

ablt results.

ANDqflIO AVANIKIS

OVK'A1" LMSO

I Figure 5-1. Schematic of Downlink Comunication Model



S.1.2 (Continued)

Figure 5-2 is a detailed flow chart showing all the calculations to be per-

formed in this model:

(1) The Input parameters are listed in the three ellipses on the left hand

side of the figure. including environment. requiremnts, and system
design. (The symols are defined in the glossary in Section 2, and also

in the input discussions in Section 5.2).

(u) The only additional input is the nominal lOPT a 50 value, shown in the

ellipse near the center. and used in the partially adaptive scanning

analysis.

(111) The calculation equations are represented by the rectangular boxes.

Within each box is the symbol for the parameter to be calculated and the

equation number (from Section 5.3) for the equation to be used to calcu-

late the parameter.

(IV) SPOPh within a rectangular box refers to the full single pulse downl ink

propagation model.

(V) The diamond shaped boxes represent branch points. Only one of the two

(or three) paths coming out of the diamond are fcllowed. depending on

the value of the parameters (or Input choice). The branching parameters

include 7OPT' Threshold or Time-of-Peak Demodulation. Anti Jam Processing
for Time-of-Peak Demodulation. q, TOT vis-avis TA t and scan technique.

(VI) Key outputs of the program include f OT total satellite prime power;

Ao e availability or system effectiveness; di n , the nuber of spoofing

events per year; Nj (or N'). the number of Jamming events per year; and

NPL. the number of pulses used by a given laser transmitter to achieve

the A

5-6
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5.2 Input Information
This section discusses the form and units of the required inputs to the down-

link communication model. These inputs are divided into three categories, as seen

in the computer flow charts: Environment, Requiremets, and System Design.

5.2.1 Enviroment

All the Single Pulse Downlink Propagation Model (SPOPM) environmental inputs

are required here since the SPOPM will be extensively utilized. These inputs

include b, T, c o <cose>, woo e, H, V, n, k , D O e51' s, S/2 o LS o em/2. Lm, L8 ,

LZ,  and LBL'

Other and new environmntal parameters are:

SYMBOL DESCRIPTION UNITS

ARE Area of a single resolution element 
(Meter)2

RSU Distance from sun to receiver Meters

SU Solar latitude Degrees

Solar longitude Degrees
SU

RE Mean Earth Radius Meters

Distance from moon to receiver Meters

Lunar latitude Degrees

Lunar longitude Degrees

S.2.2 Requirements

All the Statement of Work requirements are entered here in their most elemental

form:

SYMBOL DESCRIPTION UNITS

l TA Coverage Time Seconds

Coverage That area for which a given satellite Is

Area assigned responsibility for the time interval

TA' The boundaries should be specified in

latitude and longitude.

5-,



5.2.2 (Continued)

SYMBOL DESCRIPTION UNITS

MLO The message length, i.e., the number of bits Bits

which must be broadcast to the entire cover-

age area within TA.

NM The number of missed messages per year. (Year) 1

(This is the quality of service requirement)

NSp t  The number of spoofing events per year. (Year) 1

Nji The number of jamming events per year. (Year) "I

9 The ratio of threat "cost" to our system "cost." -

0 Submaeine Depth Meters

5.2.3 System Design

All the SPOPM system design inputs are required here since it will be

extensively utilized. These inputs include q, 'T' R' 1R' d, BOPT, (kT), FA % G,

("e/hv). RL1, Id and F.

Other and new system design parameters are:

SYMBOL DESCRIPTION UNITS

tSi Slew time, scan time or dead time between illu- Seconds

minated spots.

tW Source warn-up time, before it is ready for full Seconds

operation.

PRF Source repetition frequency (Seconds)-
or Hz

GEL Off-zenith in-water receiver pointing angle, Degrees

which may be different in each resolution

element.

GA/ Azimuth receiver pointing angle, relative to the Degrees
local longitude.
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5.2.3 (Continued)

SYMBOL DESCRIPTION UNITS

I m Number of simultaneously active lasers aboard

the satellite.

I Cp Energy per pulse of each active laser aboard Joules

the satellite.

I FL "Wallplug" laser efficiency

PO Prime-power on the satellite required for all Watts

non-laser functions.

SR Satellite altitude Meters

IS Satellite latitude Degrees

-S Satellite longitude Degrees

tf Dead time between frames Seconds

ts  Slot width Seconds

Number of bits per pulse

Overlap factor between illuminated spots

I TS Satellite rms short term angular jitter Radians

TOR Satellite rms long term angular drift Radians

Demodulation Choice of threshold exceedance or time-of-
Approach peak demodulation approach

I Post Detection Choice of post-detection processingProcessing for
Pro essng for approach to provide anti-janming capability
Ti -e-of-Peak
Demodulation for time-of-peak demodulation approach.

Scanning Choice of totally non-adaptive scan, one
Approach partially adaptive scan, or fully adaptive

scan technique.

I
I
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5.3 Sub-Models

I This section develops all the equations used in the calculation of the perfor-

mance of the communication downlink.

Section 5.3.1 considers the area relationship and develops the concept of

resolution elements.

*Section 5.3.2 considers the temporal relationships and Section 5.3.3 considers

relationships derived from the message parameters.

Section 5.3.4 develops the modulation/demodulation relationships for pulse

position modulation, both threshold and time-of-peak demodulation, and derives

signal to noise and message structure requirements for quality of service, spoofing

and Jamming.

Section 5.3.5 develops scanning relationships while Section 5.3.6 considers

new receiver and laser transmitter parameters.

Section 5.3.7 develops equations for system availability, for non-adaptive

and adaptive scanning.

* A
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Date- 12/1/78
Revision No. 0

5.3.1 Area Relationships

The input to the downlink communication system model will include the location

of the satellite terminal and the location and extent of the area it is responsible

for communicating with. All the angular information will be input in terms of

latitude and longitude. We therefore define, as exemplified in Figure 5-3:

R S  Satellite altitude

RE Mean earth radius

IS Satellite latitude

ISU Sun's latitude

Moon's latitude

1Ai Latitude of point within coverage area

S Satellite longitude

Sun's longitude

,I Moon's longitude

Longitude of point within coverage area.'Aj

From these input parameters we need to derive

R Range from satellite to submarine

S Signal zenith angle into the water

:S Solar zenith angle Into the water

:KU Lunar zenith angle into the water.

It is straightforward to derive the range by expressing the satellite location

and submarine location in cartesian coordinates with the origin at the center of

the earth.

• (XS - XE); + (YS YE)* + (ZS - ZE: ('-1)
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5.3.1 (Continued)

for

RE a o R A o (5-1a) x5 a (RE + RS) co -, cos .2, (5-1d)l

Ya R E Cos 'Ai sin A*(5-1b) Y * (R E +R) S Cos ISsin rst (5-le)i

z E a R E sin Al' (5-ic) z a (RE + Rs S sS (5-1f)~

SATELLITE-

*Sj O~i,

Figure 5-3. Latitude and Range Satellite to
Earth Geometry
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5.3.1 (Continued)

The expression becomes, after substitution and manipulation.

R1 ~ [RE+R .REK.RE(RE.R )CS(As(OS( Aji S)-l)+Cos(aAi-iS)(CosU.,Ai--S)+ )) 1/2

(5-2)

From Figure 5-4. the zenith angle into the water for the signal is given by

:S a " ".9 (5-3)

for R " (RE * RS) -RE: 2 RE R cos (5-4)

Comparing (5-3) and (5-4) it is evident that

I CE ; ) es) [Cos(, -s)-I] + cos( Ai-'S)[cos(,-Aj-s)+]I-Sij os -'At i S)  'A 'Aj "S E

(5-5)

By analogy, for the solar zenith angle (since R SU- RE)

-" 1. JSUJ4 • o ' T  c s ,t LU)  coSl.;Aj-';SU)-1I cos(-IAi-'SU) cos('Ai-';SU)+lll (5-6)

a d for te tjnar zenith ang1e (since RNU. RE)

*Mi co COS $Cos( IAOanOJ [).~1] 4 Co( Co .A

(5-7)

These angular expressions must also be interpreted in terms of an area to be

covered. We assume the following propagation path inputs over the coverage area:

5-16



r

I

I SATELLITE

IRI
I

I Figure 5.4. Signal Zenith Entrance Angle Geometry

I 5.3.1 (Continued)

1. There are four areas of importance in the OSCAR scenario:

a. The total area in the OSCAR requirement which must be cowmunicated

with during the time Interval;

b. The area which a single satellite is assigned to cover during a single

time interval. It is this area which is considered in this Downlink

I* Coommunication Model (OCN), and which we designate A,;

c. The single satellite/single time interval coverage area A! is dividedIIInto environmental resolution elements. of area ARE, each of which has

a unifom value of all parameters related to the environment's effects

on both the signal and background propagation;

d. The area of a single illuminated spot, which will ordinarily be much

I less than ARE and which will be determined in later sections.

These four areas are illustrated in Figure 5-5.
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Figure 5-5. Illustration of Four Area Relations

5.3.1 (Continued)

2. Each resolution element is much larger than the smallest possible 1l-
luirnated spot area, but small enough to allow for essential signal

level equality due to signal and/or background zenith angle alone with-

in the element, if the environmiental effects are uniform over the
entire coverage area;
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5.3.1 (Continued)

3. Each resolution element is bounded by constant latitude/constant longitude
lines. The four corners of resolution element are then given by (for the

first element in the coverage area, for example)

V

"2" A. I ;A; 23A; 26A.

4. The entire resolution element is characterized by its mean value of lat-
Itude and longitude, and it is this value (a which is used in al

Single Pulse Propagation Model calculations. The mean values are defined

by

I 'A * i~'
I 1i'A i'A t (5-8)

and

1 ij 'A J+VA (5-)

In this way the number of calculations (required to characterize operation

over the full area with possible adaptive scan coverage) are minimized.

5. Each resolution element within the coverage area contains the same area.

6. This area shall have the same width in longitude, independent of latitude.

Its angular dimension in latitude shall be varied to maintain equal areas.

The approximate area of a figure bounded by constant latitude and longitude is

given by

"ARE " IRE (_12 'tl [[R (52 11) Cos( --' z  s-o
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5.3.1 (Continued)

To insure that the resulting resolution elements will not assume distorted shapes

at either latitude extreme, we demand that it be approximately symmetric at the

mid-latitude value, or

RE (2-il) - RE ( cos ( 1-T-] at 2 1 450,

or, ,x •-- COS at 4 ,

o r , • .( 5 -1 1 a )
•2

Putting (S-11a) into (S-10) at ---- we find

ARE

or " 2 RE)

RE AS-11 b)

We have solved (5-11b) for ARE - 3(10 4;)m:, 2(1011)m- 1(10")m and 5(10Wlm,

and listed the results in Table 5-1. Also shown in Table 5-1 are the values of the

corresponding latitude boundaries as the latitude is stepped off from 00 to 700,

and the length of each side of the resolution element.

The spot sizes themselves are much smaller than these resolution elements. If

we maintain a circular spot independent of signal zenith angle, its diameter will

be given by

OSp a R4T (5-11c)
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Table S-1. Resolution Element Angular Coordinates

Am

o. 1211 6 1 .wi V - O I (1.U'D . 0701 4.14).*006(

14 *2.010 1.41
1.hs3' rii22 10' I 177 iiS

J ~ s ["'Ua']] 16

irLIS 4 023 2.40*

2.13.1 J .2

7,224

14.041 11.44016 .

6296 .1 -L3

31? 117

213 0 0 0.4

21,099i 2246 IM1

I SM62 442SL 3.14

2s.1 2930 14r r

714. L ,1 1-V4

33.34 1 2.31 13.6

44~ 2.g: 1.6

S7.09 S37f 2.31 112]

II 4) 33.01" 21.0 I
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Table 5-1. Resolution Element Angular Coordinates (Continued)

ARE

0 1215 (6.86) v &I~ I118O . O *0701 14.010) x~ - emu48 (2S40)

4&14 36.5* 24.3S 1 17-3

5.4 .84 2712 6i

S2.00[ ft 1.mm
____ ___ L_ _ _ _ _ __ .___ _ 30 J

56. 1 437 23.4 20.3e
Lis1 r'4r1 1071

G5*4&0*{ 31 -14* AiS-22~~ j B:]4U
76! [ 34,13 fl.36*

557.555 24.1

6321' 3-14' 26.48*
6.38 28 .6

____________44 4-04 3

J0.4270 4!.8 2m au

4142* 31.38

321 3

5440 333

u'is

_ _ _ _ _ _ __3_. [ 1
________6 [i ]__ _ __

5-22



I

Table 5-1. Resolution Element Angular Coordinates (Continued)

I ARE

310071 0 I ra6 ( 2I

-W 1 l LM ) * 0.a1 .U ) V O 1401")

71.20 41.U

10.1

__ __ __ _ __ _ _[, ]
12-n

b 1274

i 2.74

-r 011400

I 0.
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5.3.1 (Continued)

for .T * full angle exp (-2) transmitter beam width (irradiance). Using, for

example, a square in circle for overlap from spot to spot, the square coverage

area has a side

DSQ a 0.707 Osp . (5-11d)

Then the total number of spots within a resolution element is given by

N ARE (5-11e)NSR E  (D SQP

Using DSP - 30 km. Table 5-2 shows the number of spots within each resolution

element area.

Table 5-2. Number of Illuminated Spots Per Resolution Elements for
Square in Circle Overlap

ARE (m:) NSRE (for DSp -30 km)

311011) 667

2010") 446

1(1011) 223

541010) 112
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5.3.2 Temporal Relationships

A basic system requirement is that the total coverage area be communicated to

within a time TA, the area coverage time. This is accomplished by a spot scan.

I Therefore, if we define

MD - Time to communicate to each spot, or

I a Message duration, and

ts a dead time between messages, or,

I a time to scan to a new spot and develop the appropriate beam width, and

NTOTSP ' total number of spots within the coverage area, and finally,

tw a source turn-on/warm-up time, then the total on time for a single

I source, during a given TA interval, is given by

- ON  tw + NTOTSP "D + (NToTSp -1)tsi - tw + T (5-12a)

If the calculated TTOT > TA, and no adaptive techniques work to reduce it, then

ZIN +TA. (5-12b)

If the source has a pulse repetition rate given by PRF, then the total number of

pulses used to communicate to the area during a given TA is given by

N (To)(PRF). (5-13a)

i Naturally there should be a check that

I (NTOTSP'l) tst + MTOTSP MD -- TA (5-13b)

I or the system will not meet the requirement.

I
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5.3.3 Message

The fundamental message length to be delivered over the time TA to the cover-

age area is defined as MLo, with units "bits." In some cases, the total number

of bits that must be communicated to each spot exceeds Lo because of the quality
of service, jamiing, spoofing, or practical hardware considerations. We therefore
define

IL Lo Y (5-15)

for ?.4L total message length (bits), and MOV overhead bits added to each

message.

One key requirement is the number of missed messages per year, defined as NM.

Evidently the total number of messages per year is given by

9 Messages * Seconds per year M.576 (10-
War TA TA

Then if iM s the number of missed messages per year, the probability of a missed

message is given by!~ TA
P T T 5 (5-16)
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5.3.4 Modulation/Demodulation

j There are three system requirements which interact with/determine the

modulation/demodulation approach:
T
.0 Nm -• of missed messages per year per boat;

N a 0 of jammed messages per year per boat;

N SP a * of spoofed messages per year per boat.

This section considers these requirements in terms of the M'ary modulation format

and various demodulation approaches.

5.3.4.1 Modulation

The PPM (pulse position m dulation) format is used here to minimize

required optical (average) power and to maximize the data transfer rate for a

given source pulse repetition rate.

The building blocks of the format are slots and frames, as shown in Figure 5-6.

Defining ts a slot width, and

I a of bits/pulse,

then if 2
i resolvable slots are included in one frame, the location of a pulse in

any one of these slots will denote the k bits.

Therefore, frame width a (2') t s seconds.

If in addition we define t, • dead time between frames,

then a message containing a total of ML (bits) will have a message duration

(seconds) given by

or, ( )- 1) t f. (5-17)

The message length is determined partially by the demodulation technique,

since the format and the requirements (N. Nji and Nspi) determine the required

number of overhead bits to be added to 09 the fundamental message length.

[MI
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MD (MESSAGE DURATION)

"3: M D  24is 2 t

Figure 5-6. ',3. MLE9 PPM Example

5.3.4.2 Demodulation

Given the fundamental message length, MLo' the requirements (NM. Nj, NSp) and

the demodulation technique, the required signal to noise ratio per pulse and the

number of overhead bits are determined.

5.3.4.2.1 Threshold Detection

The first demodulation technique considered is threshold detection, i.e., the

pulse will be said to occur at a given time (within a given slot) if the received

power exceeds a preset level, as shown in Figure 5-7.

Errors occur when the noise exceeds this threshold or the signal * noise falls

below this threshold.

We define PE a bit error probability:

and P a pulse error probability;

P
p

so that PE - (5-18)
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Figure 5-7. Threshold Demodulation for PPM4 Format

*5.3.4.2.1 (Continued)

The probability of a pulse error is composed of the probability of a missing

- pulse. Pm . and the probability (PN) that at least one of the (2-1) time slots

contaln a noise spike, so that

PP am * P N. (5-19)

Since there are 2-I opportunities for a noise spike, the allowable single pulse

probability of false alarm. PFA' is

"PN

FA " •(5-20)

We arbitrarily assume

PP P p
P M andPu--.1 (5-21)

I which means (5-21)

• "pp pIPm ' M P E

I
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5.3.4.2.1 (Continued)

PN PE (5-22)

FA

2 1'

From gaussian detection theory

eFA e p - (5-23)

and Pf e p ( ., . (5-24)

for ' Peak signal current • (ne/h,.) PRo

In a ,w noise current w (ne/h.) (NEPTOT).

and I t a threshnld current.

We can therefore rewrite these equations as

t a (TNR) • [-'n (2,3 PFA 1 1 2  (5-25)

n

and ' • .n (S 3- ;n (- (5-26)

Recall equation (5-16',

N TA

Due to large background ievels. the Gaussian regime applies almost always in

the OSCAR scenario.
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5.3.4.2.1 (Continued)

for N. a * of missed messages per year,

TA - time to deliver each message to the coverage area.

I - probability of a missed message.

If we take the probability of a missed pulse to be the same as the probability of

a missed message, then

PP 4¢M T APM ".157 " T A1 ' (5-27)

and re-using PFA ( P(A (-MT)

PP 4M TA

and P 3.15576 (TA 7 (5-29)

then the threshold-to-noise ratio becomes

TNR in 3 (5-30)
(2'-1) 3.15576(10) /

while the signal-to-noise ratio becomes

S L n (3.15576 (i" 2 n (2.1) (3.155-16(10')] 3 1

These expressions yield the required single Pulse (TNR) and S/N in term of

the requiremnts, N. and TA. and a parameter of the modulation format, E.

!n considering the jaming (N ) and spoofing (NSp) requirements and their

effects on the system parameters, we start with the following assuaptions:
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5.3.4.2.1 (Continued)

(1) Frame times. slot times, average PRF and scanning patterns are all unknown

to the Spoofer/Juuuer;

(2) "g, times as many spoof/jam pulses oz.cur on the average in any given time

period as do signal pulses;

(3) Spoof/Jam pulses are of amplitude equivalent to the signal pulses, and will

cross the threshold;

(4) Submarine position is unknown to the spoofer/jauier;

(5) The scanning of the spoofer/jammer is random.

In effect, then, the submarine is fixed in space during the scanning time, and the

received spoof/jam pulies will occur randomly in time because of both random scan-

ning and random timing.

The numb~er of signal Pulses received in every period TA will be

4 2 M (5-32)

while the number of spoof/jam pulses will be

SPNs (5-33)

Then the probability of a spoof/jam pulse occuring in any particular time slot

of width t s within the time T A is

.1 Ilr so si g )(k) (5-34)

tss

for -S 1.
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,5.3.4.2.1 (Continued)

To spoof the receiver we will assume that one and only one pulse will occur in

each of the KL/t frs. Then the probability of one and only one pulse occurring

in a frame of 2i slots is

S2L p ( 1 pL)Zl

* and the joint probability that L/( frames are satisfied is

tL I Mt/k
P SP 24 P1 (i-P 1) 2' (535

For the message duration given by MO in (5-17), the number of message durations per

year are given by

3.15576 (10')

so that the number of successful spoofing events per year is

N FO 3.15576 .o') (5-36)NSP "SP q

Using (5-17), (5-34) and (5-35),

-Sp 2" IL -A i(3.15576 (10')] X

I
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5.3.4.2.1 (Continued)

This expression is used to calculate N as a function of the requirements

(g, ML, TA), hardware parameters (t5, tp) and modulation format (t). The result

is to be compared with the inputted requirement for spoofing:

NSpi -Sp. (5-38)

Jamming is defined here as either inserting one extra pulse in any signal

frame, or inserting at least one pulse in a frame imediately preceding or following

the signal frames.

The probability of at least one extra pulse in the ML/i frames is

2 1.1 M
P J "1 -( P ) ,(5-39)

while the probability that at least one pulse exists in either adjacent frame is

PJ2  1 (I- P)2] (5-40)

The total jaaming probability is then

p • 1 - (1 - P l) (1 - PJ2 )

(i) 4-I .W 
I'• I - (I - Pl] (2 --- + (5-41)

Since these are 3.1556 l10" messages received per year per boat, the number of
A

Jmmed messages per boat is given by

S•J 3.15576 1io'). (5-42)
T
A
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5.3.4.2.1 (Continued)

j Using (5-34) and (5-41),* I E/ ///l i
I:- ~ .. 1.~ )(i)''~L~~6E. (5-43)

I A3.15576 (107) 1S43t .- -"A TA"

This expression is used to calculate the number of jamed messages per boat

per year. NJ. as a function of the other requirements (g, ML. TA)- a hardware

parameter (t ) and a property of the modulation format (). The result is to be

compared with the inputted requirements for Jamming:

(N (5-44a)

Note that no additional bits were added to obtain suitable operation, and so for

threshold demodulation.

ML a MLo I 
(5-"b)

5.3.4.2.2 Time-of-Peak Detection

The second demodulation technique considered is time-of-peak detection, I.e.,

the pulse is determined to occur at that time within the frame at which the

maximum value of received energy occurs, as shown in Figure 5-8. This determination

is made following a filter matched to the pulse width.

The probability of error is now taken as the probability of at least one noise

peak exceeding the signal peak and in an incorrect time slot. This is done using

the bound on this probability2,

P(x) < ' 2 ) (5-45)
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t SIGNAL SLOT

Figure 5-8. Time-of-Peak Demodulation for PPM Format

5.3.4.2.2 (Continued)

for y • number of slots in the frame 2 2

x • the event corresponding to one peak exceeding the signal level at a

given S/N.

Therefore, P(x) - Pp • P 2 (2;)

and PE 2.7~- S~N ex

and using (5-29, again.

NM TA 2____r'

~TT7r(101) 2,,7- (S/N) LP \N J

This equation cannot be Inverted to yield the S/N required to satisfy a given MIITA

requirement for a given modulation format, i. Instead, for the given i and NMTA ,

valijes of (S/4) are inserted until the equation is satisfied, and that value is
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5.3.4.2.2 (Continued)

I taken as the required (SN). S/N • 5 is the lowest value considered, and it is

incremented in steps of 0.1 until (5-46) is satisfied for the value of L selected.

I The time-of-peak demodulation technique provides an extreme problem for the

signal processor, since every frame will have a peak and therefore every group of

* frames of appropriate length will have to be processed to search for a signal.

To relieve this problem and meet the Nm (0 of missed messages per year per

-boat) requirement, we consider the addition of w extra frames, each containing a

pulse in its own preselected slot. If we then state that the receipt of a false

message (due to ambient noise sources) is equivalent to the loss of a true message,

we may proceed as follows:

If the signature pulse may be in any one of the 2L slots of a given frame,

and w signature pulses (in w frames) are used, then the probability that the total

signature will be duplicated is approximately given by

1 1 (5-47)
PFS (2) w 2 1w

Since the first frame of a false signature may be any frame in a year, the

expected number of false signatures per year is the same as the number of missed

messages per year, or,

* a 3.15576 (10') 3.15576 (10 (5-48)
2FS 2 t  t 2 (w 4

Solving for w we find

Z;-(w',l) 3.15576 (10')
2 ts NM

or, w a 24.91- 1.44 n (ts -1.
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5.3.4.2.2 (Continued)

with the provision that the result of (5-49) is always rounded off to the next
highest integer if it is non-Integer, since the * of additional signal frames

must be an integer.

This procedure results in a number of overhead bits per message,

M wi (5-50)

and a total message length

4L - o w 0 (5-51)

In considering the Jamming (N.) and spoofing (Nsp) requirements, the same
5 assumptions as In Section 5.3.4.2.1 are again made. In particular, "g" times
as many spoof/Jam pulses occur on the average in any given time period as do
signal pulses.

Consider spoofing:

The nuier of signal pulses received during area coverage time TA is

M4L

Ns1  -L' (5-52)

while the average number of threat pulses during the same time is

spNsi * ,. (5-53)

Then the probability that one threat pulse will occupy any particular slot (of

width ts) within the time TA is

, ts )Psi gt 14(-4P1  "' " - •L TA . (554)

for ts < TA.
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5.3.4.2.2 (Continued)

To spoof a message using the w signature pulse approach requires that all

w pulse positions be duplicated. Therefore. the probability of spoofing is

P P (P I)wa S (5-55)

- Since the message duration is

M0 • ts. / tf. (5-56)

for tf . interframe dead time.

and there are .176) opportunities for messages per year.

then the number of spoof events per year are

N a 3.15576 (10*)
SP PSP MD

or, N -3.15576 (10'7) ( s+M) L (5-57)

Once w is determined by (5-49), (5-57) is evaluated to determine if the

spoofing requirement is met, so that (5-57) is compared to the inputted spoofing

re',ui rement:

N N . (5-58)Spi SP

With regard to Jamming, we assume initially that jamming occurs whenever a

7 threat pulse falls within a signature frame in any unoccupied slot, since then the

5
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5.3.4.2.2 (Continued)

signature will not be recognized. Since there are 2- 1 unoccupied slots within

each signature frame, the probability of Jamming is

Pa I - (1 - p )W(2'I) . w (2-1) g ts M (5-59)J 1

again for ts -: TA.

Since there are 3.15576 (10' ) messages sent per year, the number of jammed
TA

messages is

• 3. 15576 (10') w (2--1) g ts MLN S7 1' .TA--- (5-60)
LT.

Again, after evaluation the comparison is made

S N. (5-61)

However, many values of the parameters exist for which N < Ni, for all other

requirements easily met. We therefore consider an alternative post-detection

processing scheme, which will accept a frame with two peaks, one of which is in

the correct slot, as a valid signature frame. Then to jam the link, two threat

pulses would have to occur in the signature frames.

Since the probability that a single threat pulse occurs within a given frame

in an unoccupied slot is

PF - (I - P )2 ' -1 (2 -I) Pl' (5-62a)

(for P1 ,' 1, true for ts <- TA). Then the probability that two threat pulsts

occur in a given frame is

P2F a (PP)2 (1 - (1 - P1)2 .1 2  (2'-1) 2 PI2. (5-62b)
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5.3.4.2.2 (Continued)

IThen the jamming probability is the probability that two pulses occur in any of
w frames, so thatI

P a I - (I - P2F)W a WP 2F w(2z-1) 2 P 12

2 gtsML 2
or, P J.nw(2L .) . (5-63)

and 5 56aand N ' a 3.15576 10 ) w (2 1 -)2 g t s  M L 2(5 6 a
j TA  Z TA  (-6)

and the comparison equation is

Ni Ni  (5-64b)

In running this proqram, then. the post-detection processing must be specified

before it can be determined if the Jamming requirement is satisfied.

References for Section 5.3.4

1. RCA Electro-Optics Handbook, Section 8, RCA - 1968

2. J. M. Wozencraft and I. M. Jacobs, "Principles of Communication Engineering,"

John Wiley and Sons, 1965, p 629.
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5.3.5 Scanning Relationships

The area to be covered is Illuminated by spots of relatively small diameter.

Each spot is illuminated for a length of time given by the message duration (NJ)) of

equation (5-17). and then the transmitter is redirected to a new spot. If we define

this slewing time as ts.. then the total time devoted to each spot may be taken as,

TSP a "0 * tSL. (5-65)

To determine the total time to scan the entire area of responsibility, we define

ASp a area of spot

and Asc - area of useful coverage within the illuminated spot.

As a baseline we take the square in circle pattern defined in Figure 5-9a.

The effective area covered by the inside square is given by

2 A2sp . D2
scsp sq

where:

Osp M spot diameter,

0sq a square s',de.

a - overlap factor, defined by

Dsq ,sp"

Since Asp D j sp 2

'- 4,2  Asp 2(-68)
andAIN (5

and (4, /-) is the general efficiency factor of the scan oattern. For r - 0.707,
this efficiency factor - (2/-) • 0.637, which fs the highest possible for any

square inside a circle.
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5.3.5 (Continued)

There is a finite probability that the motion of a submarine may allow it to

escape communication (connectivity failure) if its initial position and velocity

value are unfavorably related to the scan pattern. We will here estimate the

probability of these positions and velocity vectors occurring if the submarine is

I randomly positioned relative to the scan pattern.

The baseline "square-in-a-circle" scan is assumed and the squares are offset in

succeeding lines. The worst case for timing is assumed: the adjacent spots are

visited with the maximum elapsed time. It is also assumed that the subrarine

velocity magnitude is constant and that the velocity vector direction is constant

during the intermessage times.

The square in a circle pattern is as shown in Figure 5-9.

'C,

Figure 5-9. Square-in-Circle Overlap Scan Pattern

We will concentrate on area II' which receives the message during the last

soot of revisit time with areas I and it being first spots illuminated.

If a submarine is in area III durirg the first spot *'me, and moves out of

circle 3 during revisit time, it will escape communication.

I
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5.3.5 (Continued)

Because of the symmetry of the problem. we will consider only one eighth of the

square as shown .n Figure 5-9d.

The square side is D SQ and the circle radius is sk.Thus 0 u TDp

:f V7.A is the distance the submarine moves during revisit time, there is an

area. A. within wtich the subarine cannot escape commu~unication. There is also an

area 8 wit'oiin w1Ch the submarine will have been comumunicated to during the first

fraime.

L

'NCONI rq"

a OV Tr

Figure -9d. Ecape GA)er

~i aeaCisanaeawihn iihth sbarnemy scp i teveoct
d1-ectiA 'S wihin bunds

Ole-u~r
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5.3.5 (Continued)

It is difficult to write an analytical expression for area C but it can be
approximated by the followong approach:

Area A u S4-vA

-R2S2 "R2  -2R2  R2 (--2)
Area (B.D) • * - w - " "

A re a I - 2. 2 2

Area 8 - I + 2 0.099A

Area A-B+C - a--- - -- a 2

"he probability of conditional escape is:

P C T (A*B.C)-A-B 1.-0.171
CE Ax 3 (A*B.O.+1C

Note that the probability can never be less than zero. therefore:

VTA , 0.274 for conditional escape.

Therefore for the condition

. 7.3 vTA  there will be no connectivity failure.

so- A
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5.3.5 (Continued)

However, this is unnecessarily restrictive. Consider a particular case with

the following assumed values:

1. Spot size (minimum) 0SQ a 20 Kim. 0 • 14.1 Km I

2. Submarine velocity x time a 6 Kin

Therefore vT - 0.424 which exceeds the limit above. This area is the

so

darker shaded area in Figure 5-9e.

This area is estimated graphically as two small triangles with areas of 7 I
squares an< 3 squares, respectively, where the total area (A+B+C) is 128 squares

Vii
-1

Ze T

Figure 5-9e. Escape Geometry 1
The direction 0' possible escape from the larqer trianole is any angle less

than an estimated 35 from the radius line. Therefore, assuming uniform" Mrobability

of direction. the orobabilitv of escaoe direction is

35 • 0.1944 1
180

From the smaller triangle the escape direction must be less than 20 from

radius vectors which leads to a probabillty of 0.111.

Therefore the overall probability of escape with these Couditlons is: 3
P " x 0.19 44 * 3 x 0.111 0.0106 x 0026 • 1.3%
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5.3.5 (Continued)

rote that if vTA < 4km, there is no escape. Thus. if the time is random, there

I is only a 1/3 probability that vT is greater than 4 for the particular velocity.

Therefore the probability of escape is less than

P E - 0.41

especially considering the narrower escape angles which have not been included in

the approximation and that other worst-case assumptions have been made.

It should also be noted that on a purely statistical basis one would estimate

that the probability of two consecutive connectivity failures would be
(.004)2 • 1.6 x 10-. However. by studying the geometry. one realizes that if the

direction is not abruptly changed. the s5bftrine is in an unconditional area at the

start of the second v,'-iod and will not escape communication.

7' Therefore. it is concluded that the probability of connectivity failure is

considered negligibly small if

DSP 4.7 FvTA"

For the OSCAR requirements, this condition is nearly always met, so we shall

- not consider this as a limit In the DCM analysis. (Section 4.3 of Volume 4

discusses this point fuirther.)

Returning now to our basic discussion of scanning, and the number of spots per

resolution element.recall ARE - area of resolution element. Thus the number of

illuminated spots within a resolution element is given by

ARE
NSRE14AX" scMiN (5-69)

I' there are M,0T RE resolution elements within the area of responsibility of

the satellite, then the total number of spots (assuming equal beam diamters

throughout) is given by

NTOT sp f"TREISRE (5-70)
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5.3.5 (Continued)

and the total time required to cover the entire area of responsibility is

TTOT - (t4TO T sp) (Ts) - t s (5-71a)

TOT * ("TOT sp) N0) *(NOT sp-1) IS,. I  (5-71b)

If TTOT > TA. then another terminal located on the satellite is required. We

shall discuss this further in Section 5.3.7 on Adaptive Scanning.

For an elliptical spot, the area is given by

A sp " "jDsp Osp(cos *)q (5-73)

for s asignal zenith angle

q - factor between 0 and 1 related to the satellite transmitter's

ability to correct for the zenith angle spreading.

From the properties of ellipses. any rectangle within an ellipse which touches

all sides has the area

ARCTiJMIN * 'spMlN OspMIN(Cos :$tj )q c (1 - r2)I/2 (5-74)

which leads to the area efficiency coverage factor

ARCT 4 )/(575)
1- 1 - (s-lf)

SP

and the same condition on tARV as (5-67) if the ellipses are overlapped as the

circles are in Figure 5-9. This efficiency factor is maximized for r • 0.707, Just

as for the square in the circle approach, and again - 0.637.
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5.3.5 (Continued)

The number of spots per resolution element would now be

N "SEj _AR (S-76)

and (5-70) and (5-71) are then useable for the new value of MSREiJ when sumed

over ij.

The final key paramter of the scan pattern is the allowable minimu size of

osp determined by satellite stability. This diameter is related to the satellite

range and beam divergence by

osp a ReT  (5-77)

for the assumed small angles involved here.

i4T9 n turn, must be greater than a minimum determined by

(1) The satelitte's Induced pointing jitter during a single message duration,

which w characterize by its rms value "TS'

(2) The satellite long term angular drift, so that a spot position adjacent

to a previously illuminated spot is precisely located. This effect Is

characterized by Its rms value -TDR*

Negligible pointing Induced signal loss is encountered if

*TPUN a 10 (-TS 2 + TDR2 ) 1/2. (5-78)

which implies

2 21/20spI 10 RiM 2t +TR (S-79)OspHlN I ORJKAX (ts

This point will be further discussed in Section 5.3.7 on Adaptive Scanning.
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5.3.6 Receiver and Source

Some particular aspects of the laser transmitter and receiver must be modelled

in order to provide a full downlink communications model.

5.3.6.1 Receiver

We need to derive the in-water angle. ', between the optical axis of the

receiver and the signal beam, the sun, the moon, and the local vertical, respectively.

We first consider the signal beam. The input to the model is the latitude

(s), longitude (3s) and altitude (Rs) of the satellite, and the latitude (A) and

longitude (AJ) of the receiver. From these, in Section 5.3.1 we derived the

range from satellite to receiver (R. equation (5-2)]. and the signal zenith angle

into the water [:s% equation (5-5)]. Since ISRis the in-water angle between

receiver optical axis and signal principal direction, we must transform the input

information into the local coordinate system centered on the receiver and oriented

to local vertical. It is also useful to align an axis with the local longitude.

We therefore perform the following coordinate transformations (cf Figure 5-10)"

1. (xl' y,' z,) is the earth centered system

2. (x 2 Y2' z2) is the system whose origin is at the receiver, but whose

three axes are parallel to the earth-centered axis.

3. (x3 1 Y3. z3) is a system resulting from the rotation of the (x2 , Y2, z2 )

system about the z2 axis by an angle

4. (x4 1 Y4 - z4 ) is a system resulting from the rotation of the (xV, Y3 . z3)

system about the Y3 axis by an angle (2. - i), resulting in z4 along the

local vertical and x4 along the direction of constant longitude.

In the (xI, yl' Z1) system, xE and xs are given by the equation inelately

following equation (5-1) (equation (5-1a) through (5-lf)]. For the satellite, then,

the transformation of its coordinates into the (x20 Y2 0 Z2 ) system is given by

x2  xs . xE; (5-80a)

* y 5  y~;(5-80b)Y2 "Ys " YEs;S-b

Z2  Zs " ZE. (5-0c)
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5.3.6.1 (Continued)

Rotation about the z2 axis by an angle e results in the transformation equation,

x3  c x Cos n (-81a)

Y3 " Y2 cos 6 -x sin (5-81b)

z3 (5-1c)

Finally, rotation about the x3 axis by the angle ( 0- results in the trans-

formation equations

X4 . X3 sin ii " Z3 COS 1i; (5-82a)

Y4 " Y3; (5-82b)

Z4 - Z3 sin i + Y3 Cos li" (5-82c)

The signal zenith angle in the last coordinate system is given by

".s "Cos ]/ S8a
C[4Z + y4 2 + z4 2 12(58a

which is equivalent to the result in equation (5-5).

The signal azimuth (relative to because of the coordinate transformation)

is given by

S tan C". o sj (, sin sin a (ZS [ )Cos

(543b)
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5.3.6.1 (Continued)

The in-water azimuth is the same expression, while the in-water zenith angle is

given by

W *iJ " sin' ( sin sj (54)

I
for n a sea-water index of refraction.

If the receiver pointing angle is characterized by

GELij - zenith pointing angle

GAZij - azimuth pointing angle (in the x4 , Y4 . z4 system), then the in-

water angle between the signal and receiver axis is

Cs "sin GELJ sin " cos (GAzij+SAij)) + cos GELIJ cos tj

- SRij E~i G *w A 4j Ssij~

(5-85)

The solar and lunar off-receiver axis in-water pointing angles are derived in

a like manner, using equation (5-6) for :su and equation (5-7) for am.

Equations (5-la through 5-1f) are the same form with

Rs - RSU (sun range),

I and Rs - Rmu (moon rarge).

However, since R ' RE and Rim REs the first (translation) transformation for

the sun and moon becomes

x2 •Xsu (or xu). (5-86a)

S2 7 su (or y (5-8b)

3 z2 • Zsu (or zMU), (S-86c)

I
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5.3.6.1 (Continued)

Moreover,

xS " RSU cos Su cos 8Su* (5-87a)

Ysu * R su cos a su sin 3 su (5-87b)

and zSU 0 RSu sin q su. (5-87c)

Then x2 - x3 and x3 - x4 proceed in the same manner as (5-81) and (5-82) with

the results

suA " tan l (Y4)

or

C (5-88)
suAi(Xsu Cos + Ysu sin ) sin a cos 5881

Also,

suij sin si i j (5-89)

and

(5-90)
In like manner,

xM a Rmu cos Imu cos mu; (5-91a)

Ymu a Rmu COS Iu sin 3mu; (5-91b)

and z4W a Rmu sin imu, (5-91c)

5-54

V .1 .. . ...



I

5.3.6.1 (Continued)

Iand
4 ru cos 8 - x musi8

.muAij * tan (x Cos C J + Ymu sin ) sin a cos

(5-92)

and
Wumm4 sin- I  sin (5-93)

so that

)w cos (G) + cos G Cos
LmuRij I GEJ osmull j'¢muAij GELIj muij

(5-94)

slote that the parameters Rsu and R do not appear in the final result since

they cancel out of (5-88) and (5-92) respectively.

For the diffuse sources, it is evident that

BRij ZRij GELiJ (5-95)
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5.3.6.2 Laser Transmitter(s)

The transmitter is described by a much simpler model. We define

T - full angle e'2 irradiance beam divergence;

ED a energy per pulse at the laser transmitter;

PRF - pulse repetition frequency of the laser transmitter.

Then

PAV (E ) (PRF), (5-96a)
Tp

for PAV A , verage power of the laser transmitter.

Since there may be more than one laser on a given satellite, we define

m - number of lasers (or terminals) per satellite, so that

M*AV " total optical power capability of the satellite,

and EpTOT ' mEp.1 (5-96b)

If we then define

FL a efficiency of the laser k"wall plug"), then

PLL Av Fa" PAv (5-96c)

for PL. total prime power required on the satellite to sustain the lasers aboard.

In general, additional prime power will be required for other subsystems on

the satellite, so we define
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5.3.6.2 (Continued)

PI prime power on the satellite required for all non-laser functions.

and

Po " P, + P* (5-97)

for PTOT * total prime power capability required on the satellite.

TTO
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5.3.7 Availability/System Effectiveness and Adaptive Scanning

The final requirement to be covered is the availability or system effectiveness.

This is a calculated value, depending on the system and propagation path inputs,

and is compared to the requirement at the end of the entire calculation.

Availability of the communications downlink depends on both time and area, i.e.,

a part of the required area will be unavailable if the SNR is too low to communicate

to it, or, if the system takes all the alloted time (TA) communicating to the rest

of the area.

This approach to availability suggests that if more than one active laser exists

on each satellite, and if its characteristics could be modified to aid on other

resolution elements, that availability might be thereby increased.

There are numerous possible variations of adaptive scanning, and we shall treat

only three extremes here:

1. The totally non-adaptive system, which uses a single transmit beam

divergence and enerqy per pulse over the entire area of responsibility;

2. A system which does not compensate for the environmental condition- but does

compensate for zenith angle effects by varying its transmit beam width;

3. A system which compensates for all conditions.

5.3.7.1 Non-Adaptive Scanning

If the satellite has no information about the area it must coumnicate to, it
will be assumed to meet the temporal aspects of availability first, and let the

successful communications to a given spot be moot.

he first determinant of any scan pattern is the minimum angular spot size.

We have previously developed the criterion for its selection:

The long anc short term annular jitter of the spacecraft, as expressed

in (S-78) and (5-79').

We will investigate this constraint, and deter-ine the minimum value of

Po ossitle. and denote it as Ti.
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5.3.7.1 (Continued)

INow. !3 T will apply over the entire coverage area (for this totally non-adaptive

scan). Then, within a given resolution element, all spots will have the useful area

I given by

I 21 2 (Cos ) (1-,z )11/2 (-8

ARCTiJMIN T sj(5-98)

which is (5-74) with Dsp R Rj'T1 and q 1.

The number of spots within the resolution element is given by

I ,
N sRE! JMAx ARE (5-99)

and the total number of soots within the coverage area is given by

NT0TSPMAX NSQEiJMAX. (5-100)

Then. using (5-71b). the time It takes to cover the entire area with a single

terminal Is given by

TP (NOTSPMAX) (" TOTSPKAX') tsC (5-101)

If TTOIAX ' TA the only recourse left to the totally non-adaptive scan is to

either increase "TI or to idd more terminals which simultaneously use the old tTl"

Combining (5-98). (5-99), (5-100) and (5-101) we see that

TTOT

9

I
I
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5.3.7.1 (Continued)

and from the SPOIPt,

5) E

Therefore, increasing .'T1 will decrease TTOT and q) | equally, unless E is

proportionately increased. So, adding a second terminal of equal energy onto the

same spot means 4T1 may be increased by ,7 for the same .) iJ. while TTOT.s
reduced by a factor of 2. Alternatively, adding a second terminal which operates
independently will also maintain } and, by partitioning the resolution elements

so that each terminal is responsible for half the total area, will result in the

TTOT for a given terminal being reduced by a factor of 2 from its previous value.

Evidently, then, the effect of adding a second terminal is independent of its

actual mode of operation. We therefore assume that the temporal availability

requirement is satisfied by the increase of

TI *T2 so that

TTOT TA. in (5-101).

The calculation procedure is to calculate (5-98) (5-101), and if

T TOT  TA. define

T TTMAXi T2 TI T Aslz

Jsing "T2 we now develop

FOM * 5) (5-103)
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5.3.7.1 (Continued)

ifor (M)REQ x S fsric o (5-104a)

and -)in (5-104) is derived from the quality of service rui,', nts for a given
I demodulation approach in Section 5.3.4.

MARG • system margin used to compensate for unmodelled noise sources, and

i NTj for the iJ resolution element from the SPOPM. (5-104b)
I NTOTij I

I The availability is then simply given by the ratio of the areas for which

FOMij I to the total area responsibility, or.

(all ij such that FOM1J 1) (5-105)
S AREiJ
ij

For diagnostic purposes, it is also useful to print out the minimum value of

the FOMtj, TTOT if TTOT ' TA, "Tl and AT2

5.3.7.2 One Partially Adaptive-Scanning Approach

We now consider a system which knows all the zenith angle aspects of its
coverage area. but none of the environmental conditions. We assume that

(1) It controls the transmit beam divergence to compensate for the known
I zenith angle effects;

(2) Therefore it always uses circular spots;

(3) It compensates for zenith angle effects as if thick clouds were present,

not clear weather, to assure axium availability if thick clouds are

indeed present.
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5.3.7.2 (Continued)

The first determinant again is the minimum angular spot size, as discussed in

Section 5.3.7.1. Use is also made of the FOMtj defined in (5-103).

Given 4T1, the minimum angular dimension, FOMtj is evaluated for all the

resolution elements for a nominal value of TOPT a SO throughout the coverage area.

The smallest value of FOM1t will normally occur at the largest zenith angle, and

we denote it by FOMss The transmit beam widths of each and every other FOMUj are

increased until

FOM FOMss

In general the smallest values of : will correspond to the largest increase in

the transmit beam divergence. Since FOMit 1 . the increase in each transmit

beam divergence is given by ("Tij)

(F,[M ij (A (T " TO) 112

a A -Tl9 (5-106)

No "Tij will apply within a given resolution element, and will result in a useful

coverage area

S'Acij" L 
2 R2 ,j '2Tij' (5-107)

where we have used Dsp u Rij aTij" The number of spots within this resolution

element is given by
iAE

'I SRi -R (5-108)

and the total number of spots within the coverage area is

TOTsp" 11 4 SREtJ (--109)
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5.3.7.2 (Continued)

The time it takes to cover the entire area with a single terminal is

TTOT * (NTOTsp) (N0 ) + (NTOTsp°
1 ) tst ( (5-110)

If TTOT TA s we may again consider either increasing eT1 or adding a second

terminal. As for the totally non-adaptive scan, the net effect of adding a second

terminal is independent of whether it is used to illuminate the same spot as the

first terminal (allowing 0T1 to increase by V2), or separately illuminates spots of

diameter ,

We therefore assume that the temporal availability is satisfied by an increase

of T1 - AT2 so that TTOT " TA In 5-110. The calculational procedure is to

calculate (5-107) - (5-110) and if TTOT > TA. define

1/2

T2 Tl (77) (5-111)

since inspection of (5-107) - (5-110) shows that

TTOT ' (1T ).

TI

Given T ' then, new values of iTtj are derived from

(Ti 'Tij 1 ) (5 2)

In order to calculate the actual downlink availability, the F01Mti are calculated for

T21J and the actual environmental conditions present in each resolution element.
j. The availability is then simply given by the ratio of the areas for which

FORij ", 1 to the total area responsibility, or
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5.3.7.2 (Continued)

ij AREij
(all ij for which FOM > 1)

AVL 
-112)

1 ij A Eij

For diagnostic purposes it Is also useful to print out the value of TTOT if

TTOT < TAi TI' T2 and the maximum value of T2ij"

5.3.7.3 Availability for Fully Adaptive Scanning

In general, the resolution elements will present wildly varying values of

I t because of the differing environmental and angular properties present. It
therefore makes sense to design a system which utilizes the excess signal in one

area to compensate for a signal deficit in another area, if all conditions are
known in advance to the satellite.

This adaptation of the scan parameters might be performed by

(1) Reducing the slot width, ts, in clear weather areas. This would reduce

the message duration, and allow more time for communicating to covered

areas. However. it requ 4res a source that could operate efficiently in

widely differing modes, and a receiver with a foreknowledge of the slot

width being used. For these reasons we discard this Possibility.

(2) Increasing the spot diameter to the limit imposed by the qS)REQ ' WS) ij"
Thus the ARE would be covered in less time, allowing extra time to

cover the "bad" areas.

(3) Using multiple terminals to i11uminate the same spot, so that the
S is Increased.

(4) Reducing the spot diameter In 'bad" areas, to increase the it)ij This

is inadvisable since the minimA spot diameter is constrained by

(A) Lang and short term satellite jitter;

(3) Submarine motion (equation 5-67)

(C) Enlargement in passing through the cloud.
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5.3.7.3 (Continued)

Therefore we cannot arbitrarily reduce the 0sp to aid in bad weather
communcatons4.

() Reductng submarine depth (smaller ;D). This should only be considered

after all other expedients fail, since it does relieve a significant

requirement.

In analyzing the adaptive scan, then, we assume

(1) The S)ij will always be adjusted to be equal to SRE by enlarging

the spot diameter, and by adding additional terminals onto the same

spot. as required.

(2) Only circular spots are considered, since the optical complexity is like
that required for spot variation among resolutions elements.

We then begin, as before, by defining a minimum beam divergence 6T1I based on

the satellite jitter or submarine motion constraints. Given this eTI' a FOMIJ is

derived for each resolution element, via

FOPJJ * FOM11 ( T1aT). (5-114)

We again note that for FOMj (4T * eTl) 1 for a single terminal, then if

m terminals of equal energy per pulse are available on the satellite, the system
performance cannot tell whether they are combined onto a single spot (enlarging 6T)
or separately used to Illaminate spots of 4T1 size. For resolution elements with

FOIN j (AT TO) < 1 for a single terminal Input of Ep. the optimum approach* is

to use all available terminals to increase FOtj until it is > 1, and then increase

the "Tij until FOMtj s 1.

tHowver, it might be possible to use in-cloud spreading to reduce the required spot

overlap.

*Or else. during some portion of TA the total prime power capability of the satellite

would be under-utilized while some areas were coverable but uncovered.

1
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5.3.7.3 (Continued)

This implies that the very fact that there are m terminals is irrelevant to
the availability analysis for this optimum adaptive scanning. Instead, FOMtj should
be evaluated as if all the available energy per pulse were present in a single beam.

When this is done, and FOMij evaluated in (5-114), for FOMtj < 1 the
resolution elements will not be covered. Hence the fundamentally unavailable
area is

AREij

(for all FO ii ("TatT1O• 1) (5-115)AUNA V"
,j ARUtJ

On the other hand. for FOM1j 1, excess energy is being delivered, and the
source being suboptimally utilized. We correct this by deriving

[FOM 1  
' 112

TiJ 1TI j j I T (5-116)

((since this means FOMtj (.IT a ATij) " 1)), for all FOMtj (4T -TO 1.
We again use the effective coverage area of

Ali a t Tij (5-117)

so that the number of spots per resolution element is

NSR " E (5-118
NSREij A sci j
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5.3.7.3 (Continued)

and the total number of spots is

r S 
NSREijijJ

MTOTSP m (for all ij such that (5-119)SFOM tj (6 T " T )

Then the total time required to cover the entire coverable area is

44 (510TO T a NTOTS P MD0 + (NTOTSp-1) tsi. (5-120)

However, now if it happens that TTOT * TA. there is no recourse short of

adding additional energy capability to the satellite, since there is no excess

energy arriving at any submarine receiver. Indeed TTOT > TA means that part of the

area able to be covered from the SNR point of view is temporally unavailable.

To determine the availability, then, the time to scan each resolution element

must be calculated. Moreover, since availability is a measure of area coverage,

it makes sense to cover the resolution elements with the largest values of

FOM j ( T a -Tl) first, since they are using the largest spot diameter, eTij"

We define the time to cover a given resolution element by

Ti a NSRiJ (MD + tsd) I (5-121)

and calculate

i j * TPART

(for FOM  (=T N T1)  - 1 (5-122)

in order of largest to smallest)

SIuntil
TpART T TA7 (5-122a)
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5.3.7.3 (Continued)

The resolution element for whicn TpART changes from -T to TA is denoted by

the subscript 0, t, and the fraction of its area covered Is given by the fraction

TA - TpART (yj o t -1).

o,t

Then the availability is given by

8o.t-I

A u A PAT (ij o1.~
, VA ot (5-123)

It is also useful to print out AUNVL (from 5-115), TTOT (if TTOT TA), T1
and the maximum value of Tij and the minimum and maximum values of NSREIj.

Note if TTOT TA'

AVL I A uNAV " (5-124)
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5.4 COMPUTER PROGRAM FOR THE OC

5.4.1 Introduction

The downlink communication program is arranged as shown in Figure 5-11.

There are eleven subroutines used in the program. These include the eight shown

in the Figure; a general sorting subroutine (SORT); the single pulse model which

has been incorporated into a subroutine (DSPDPM) called by FADAPT, PADAPT, and

NADAPT; and a look-up table and interpolation subroutine (DSTRD2) called by

DSPOPM.

There are four data files read into the program. The file SPPM contains

that input data which is only used by the sinqle pulse subroutine. The file

ENVOATA contains the data from the environmental data bases, as well as the

input data on the solar and lunar positions. Files DATAB and DATAC contain the

input data concerning the satellite, laser, and signal processing and scanning

requirements.

DMAIN is the mainline program used to read in the input data from the data

files and to call the other subroutines. Subroutine DNCOMM is used to calculate

all zenith angles, azimuthal angles, and receiver axis offset angles needed for

the D00. The range calculations from the satellite to the environmental resolution

elements are also handled in this subroutine. The next subroutine called, SGPROC,

is the subroutine that handles all signal-to-noise, jamming, spoofing, and message

length computations for the downlink model. Subroutine POWER is used to perform

the necessary energy and power calculations for the satellite and laser.

After these subroutines have been called and the necessary computation

completed, a branch follows to one of three cases: fully adaptive scanning

(FADAPT), partially adaptive scanning (PADAPT), or a non-adaptive scan (NADAPT).

In these subroutines, the single pulse model subroutine (DSPDPM) is called upon

to make signal-to-noise calculations for each environmental resolution element

in the coverage area of that particular satellite. From these results, and

temporal availability considerations, these subroutines perform the beam

* divergence, number of spots, and availability calculations that correspond to

that particular mode of scanning.

j [ ,he final subroutine called. ARYRIT, does all the printing and labeling

of the output data.

5
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5.4.2 Names of Variables

This section lists the Fortran terminology and definition of all variables

used in the 0OC which were not previously used and listed for the SPDPM.

A

r ACARE• Total area with signal-to-noise ratio greater than required

signal-to-noise ratio

APAE * G a Azimuthal pointing angle of receiver

ARE • ARE • Area of resolution elements

ASC a ASC • Area of square in spot

AUNAV * AUNAV Fraction of the area that cannot be covered

AVL AVL a Fraction of the area that can be covered

AZMUA @ 0 *uA  Azimuthal lunar angles

AZSGA • OSA Azimuthal signal angle

AZSUA a suA • Azimuthal solar angles

AZMIN * n a m Winimum azimuthal angle from satellite
SP1t

B

BITSP - t Number o' message bits per laser pulse

BIDIV - :-T Beam divergence

C

COFOV u $ •alf-angle of receiver field of view

0

DEAOT - t. )ead time between frames

OEAOTS - t.s • Dead time between soots

DIVAD -.DR a Beam Divergence required due to satellite angular drift

5-71I
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5.4.2 (Continued)

I'/MIN a aN " Minimum beam divergence required due to satellitp restrictions.

OIVPJ a Minimum beam divergence required due to satellige pointing

Jitter

DIVSAT • Minimum beam divergence required due to satellite restrictions

E

EFF • FL • "Wall plug" efficiency of the laser

ETOT T • Total energy transmitted from all lasers per pulse

F

rOM FOM • Figure of merit. ratio of S/N in resolution element to /N

required for Quality of service requirement

G

GAINSP * g • Gain" of spoof pulses relative to regular Pulses

LAT S *

LATSR

LATSU
, a I Latitude of the satellite. sun, and moor in degrees

LATSUR sand radiansIILA T $U

LA!JQU u

.'GS

LNGSR s

L4GSU .1

L.4GSUR su a Longitude of the satellite, sur and moon in deg-ees

and radians
L!4IU -

L,%?CUR Ail
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5.4.2 (Continued)

LATNR(1)

LATTRR( - Mean latitude and longitude of the environmental resolution

I LNGMR(J elements in degrees and radians
LN" RR (J)I
M

IMARG - MARG * System margin used to compensate for unmodelled noise source

MAXR * R * Maximum ranqe from satellite to any resolution element
,ma x

MBITS * MLO , Number of message bits

MESDUR - MD a Total message duration

MLBITS - M L a Total message length in bits

MAXZA a Maximjm zenith angle from satellite to any resolution element

N

NCOL • Number of resolution elements along a line of constant

latitude around the earth

NROW * Number of resolution elements in the northern hemisphere

along a line of constant longitude

NJAM a IN Number of jarred pulses in threshold detection

XASER a m • Number of lasers used on the satellite

V1N. (N.') Number of missed messages per year

NPULSE s Number of pulses used to communicate to the coverage area

NRE - ,, * Number of resolution elements In the coverage area
07RE

NSPOOF - Ns * Number of spoofing events per year

NSPOT(I.J) - NSRE Number of spots needed to cover the i. j resolution element

L NTSPOT " " * Number of spots needed to cover the entire coverage area
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5.4.2 (Continued)

NIfJEF a w - Number of extra frames needed in message to reduce duplica-

tion probability to acceptable level

,JTOP? • Number of jafmed pulses using TOP processing

0

OVLAP * a Spot overlap factor

OVHBTS N V -  Number of overhead bits

PROP a Number of resolution elements in northern hemisphere

PAVG a P AV Average power output from laser

P! a T 3.1416

PLRE • Fraction of last resolution element that can be covered in

the fully adaptive scan

PISSM P14 Probability of missing a transmitted message

PNOLAS a P' Prime power satefllte) reoui ed 'or non-laser functionsHO

DQF • DRF a Pulse repetition frequency of the laser

PTO P;0 , Prime Power on satellite required

a• a. Radius of the earth

, . D istance 'ram earth to the moon

RS a R * Distance from earth to the sun

R17OP1 a An option to print (1.) or withold printing (0.) of the out-

Put data from DNCO1

RI10P2 a An option to print (I.) or withold printing (0.) of the out-

Put data from OSPOPM
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5.4.2 (Continued)

R iTYPE • A decision variable. If it equals 1 a non-adaptive scan is

employed, 2 is a partially adaptive scan, 3 is a fully

I adaptive scan

SATSD e Dsp min • Minimum spot diameter due to scanning restrictions

I S0MIN - Mtinimu spot diameter

SFOM a The sorted array of FOM values

SN S/4 The signal to noise ratio

SNREQ • (S/N)REQ * Signal to noise ratio required by quality of service require-

ment

I STINRE - The sorted array of TIMRE values

SUN I : io K I

I SPOPT A decision variable used to tell whether threshold detection

or time-of-peak detection is to be used

I
I THWE Thickness of first water layer

TI.,AVL - TA  Time available to deliver message to coverage area

TIMEON * 7 o Amount of time that laser is turned on

j TIMRE(I.J) - T ij Time necessary to cover a given resolution element

TSLOT - ts a Slot width

j •TOTAL T to 0  Total time required to cover area of responsibility

TPART a TpART 0 The :Tt in order of largest to smallest FOM4 until It is

I greater than TA

I TSGNR * TNR * Threshold signal to noise ratio

I
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5.4.2 (Continued)

w

WARWJP - tv Time necessary for the laser to waiurp

, XE a XE a X coordinate of the submarine

*XS a XS a X coordinate of the satellite

JXMU X coordinate of the moon

*XSU a XSU X coordinate of the sun

*In the earth centered system

Y

*YE - YE a Y coordinate of the submarine

• YS a YS a Y coordinate of the satellite

* YMU a YM a Y coordinate of the moon

YSU a YSU , Y coordinate of the sun

*In the earth centered system

Z

*ZE a ZE a I coordinate of the submarine

*ZS a ZS a Z coordinate of the satellite

•ZSU w Z coordinate of the sun

• ZwU a Z coordinate of the moon

ZPAR - GEL * Zenith pointing angle of the receiver

• n the earth centered system

5-76

,|



5.4.3 OK Listing

This section lists the complete DCM program. The order of the subroutines

listed is

j ~DOMN

SGPROC

POWER

FADAPT

PADAPT

NAVAPT

ARYRIT

OSPOPM

SORT

DSTRO2

I
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5.5 MOOEL UNCERTAINTIES

The sub-models developed in Section 5.3 have very few uncertainties, and

should require little future revision.

5.5.1 Area Relationships

'I The only uncertainty here involves the size and shape of environmental

resolution elements (ERE's). The ERE concept itself is too useful to be

neglected, but future cloud and water data base work may reveal that ERE's of

a different size or shape are more appropriate in the OSCAR applications.

5.5.2 Temporal Relationships

There are no uncertainties in the models for the temporal relationships in

Section 5.3.2.

5.5.3 Message

There are no uncertainties in the models for the message in Section 5.3.3.

5.5.4 Modulaion/Demodulation

The only uncertainties in the models developed in Section 5.3.4 concern

their completeness. There may be other demodulation and message processing

approaches which will change the required Signal-to-Noise ratio and/or Message

Lengths (Overhead bits) from the present formulation. GTE-Sylvania will continue

to search for these improved demodulation techniques in related work.

A second-order uncertainty concerns our model for jamming/spoofing, and the

five assumptions made there-in. If those assumptions were altered by the NAVY,

the related sub-models would also require modification.

5.5.5 Scanning Qelationships

There is no uncertainty in the model developed in Section 5.3.5. However,

as the hardware design progresses, the formulation of the satellite pointing

accuracy may be changed to better reflect the attitude stabilization and pointing

technique actually employed. This will probably be a minor analytic change.

5.5.6 Receiver and Source

There are no uncertainties in the models developed in Section 5.3.6.
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5.5.7 Availability/System Effectiveness and Adaptive Scanning

The sub-models for adaptive scanning may be modified as more is learned about:

1. The precision of the information obtainable from remote scanning;

2. The practicality of the angular expansion/elliptical correction optics.

it may hapoen that only relatively crude information is available concerning

the clouds in the coverage area. and that a continuously variable beam size is

not practical, so that some straightforward model modification should occur.

5.5.8 Included SPOP Sub-Models

The propagation related SPDPM sub-models were discussed in Sections 3.4

and 4.5. The SPOP4 system design sub-models are well understood. The only one

requring possible modification is the pulse-shape/detection bandwidth, if the

atomic resonance optical filter becomes the leading candidate, since this filter

adds an additional Dulse stretching/distortion to that caused by the propagation

path/field-of-view effects.

Table 5-3 summarizes the status of the D sub-models.

I
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5.5.8 (Continued)

TABLE 5-3. STATUS OF SUB-MOOELS OF THE DCM

(SPOP4 models are discussed in Sections 3.4 and 4.5)

SUB-MOOEL STATUS COWENT+1
Area Relationship O.K. in principle Size and shape of environmental

resolution elements may be mod-
ified in future.

Temporal Relationships O.K.

Message O.K.

Modulation/Demodulation O.K. as written Further work on better schemes
continues, and may modify these
models. Changing the "threat"
assumptions would change the
spoofing/jamming models.

Scanning Relationships O.K. as written Satellite design work may
redefine the pointing accuracy
sub-model.

Receiver and Source O.K.

Availability/Adaptive O.K. as written Probably will be modified as the
Scanning remote sensing precision and

practical optical designs are
better understood.

SPOPM - Environmental Partially Verified See discussion in Sections 3.4
and 4.S

SPOPM - System Design O.K. as written Will require modification if
atomic resonance filter becomes
the leading candidate.
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5.6 "PARAMETER VALUE" UNCERTAINTIES

The parameter value uncertainties for the DCM are of quite a different type

than those for the SPOPIM. Here the uncertainties primarily relate to those hard-

ware parameters which are actually achievable.

5.6.1 Environment

Those environmental inputs unique to the 0CM include:

ARE • area of a single environmental resolution element. This is uncertain

and will remain so until sufficient cloud and water data base develop-

ment occurs to uniquely define it.

RSU • distance from sun to receiver. This Is well known to the required

accuracy.

U " solar latitude is also well known to the required accuracy.

3SU , solar longitude is also well known to the required accuracy.

R;. mean earth radius is well known.

- distance from moon to receiver. This is well known to the required

accuracy.

e lunar latitude is well known to the required accuracy.

• lunar longitude is also well known to the required accuracy.

The environmental SPOPM inputs were discussed in Sections 3.5 and 4.6 from

the point-of-view of the values existing along a single propagation path. Use

of the SPOPM in the 0CM requires the additional information of their simultaneous

values throughout a satellite coverage area. The cloud properties are

particularly uncertain when such correlated information is desirable, and the

water properties are only approximately known over large stretches of the

coverage area.

Better data base development must occur in order to provide adequate inputs

to the DCM.
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5.6.2 Requirements

There is no uncertainty in any of the requirements inputs listed in 1

Section 5.2.2.

5.6.3 System Design 71
Considering the present state-of-the-art in laser and filter technology,

it is not surprising that there are significant uncertainties in many aspects

of the system design inputs. These inputs and their uncertainties include:

t slew time, scan time or dead time between illuminated spots. The

value of this parameter depends on the details of the transmitter

optics design and the scan technique used, both of which remain to

be determined.

* source warm-up time. Since the laser source is unknown, so is a

precise value for this parameter.

PRF source repetition frequency. This parameter depends on the most

efficient laser operating point. the choice of E, the minimum slot

width achievable and the number of lasers aboard the space-craft,

all of which are not precisely determined at this time.

GEL Off-zenith in-water receiver pointing angle. The optimum value of

this parameter will remain uncertain until water propagation experi-

ments and water data base development work is accomplished.

GAZ a Azimuth receiver pointing angle. The same comments apply as for GEL.

m a Number of simultaneously active lasers aboard the satellite. This is

unknown until a particular laser candidate is selected, and its optimal

operating point is determined.

Ep N Energy per pulse of each active laser aboard the satellite. The same

comments apply as for m.

F L  * Wall plug laser efficiency. Same comments as for m.

;P,'40 * prime power on the satellite required for all non-laser functions.

This parameter depends on future satellite design.
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5.6.3 (Continued)

RS  a satellite altitude. This will be sufficiently known for all candidate

orbits.

- Satellite latit,Aje. This will be sufficiently known for all candidate

orbits.

SS a Satellite longitude. This will be sufficiently known for all candidate

orbits.

tf a dead time between frames. This again depends on the details of the

laser, and its minimum time-to-refire.

tS  slot width. This depends on the pulse stretching encountered in the

environment, and so will remain uncertain until extensive clould

propagation experiments and cloud data base development occurs.

* number of bits per pulse. This parameter depends on slot width and

minimum achievable spot size, both of which remain to be determined.

C G overlap factor between illuminated spots. This is not uncertain so

long as a random soot scan is employed.

3TS M Satellite short term angular jitter. This parameter is unknown until

further design is accomplished.

TDR ' Satellite long term angular drift. Same comment as for TS.

The system design inputs for the SPOPM were not discussed previously, since

Section 3.5 and 4.6 emphasized the environmental parameters. The primary

uncertainty, beyond those discussed above, lies in the receiver; in particular:

eR  Receiver half angle field-of-view. This will not be known until

adequate water propagation experiments and water data base development

occur

YR Receiver (primarily filter) transmission. This will not be known until

the filter type and receiver field-of-view are known.

i
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5.6.3 (Continued)

BOPT a filter bandpass. This will not be known until the filter type and

receiver field-of-view are known.

Table 5-4 summarizes the status of the input parameters of the DCM.
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5.6.3 (Continued)

Table 5-4. Status of "Input Parameters" to DCM

PARAMETER STATUS COIENT

ENVIRONMENT PARTIAL cf SPOPM discussion in Section 3.5
and 4.6. Distribution/Correlation
of environmental parameters is
unknown.

REQUIRE?4ENTS O.K.

SYSTEM DES!GN

t TBO Depends on system design details.

t TBD Depends on laser selected.

PRF TBD Depends on laser and slotwidth.

GEL'.GAZ TBD Depends on water propagation
experiment

m TBO. Depends on laser characteristics

E TBD Depends on laser characteristics

F TBD Depends on laser characteristics

P1 o TBD Depends on details of satellite
design

R S,, S-1 O.K. Known for each candidate orbit.

tf TBO Depends on laser characteristics.

t TBD Depends on extensive cloud
propagation results.

TBO Depends on slot width and spot size.

C O.K. Known so long as random scan Is used.

ATS' TDR Partially known Depends on details of satellite
design.

iR TBD Depends on water propagation
experiment.

y R TBD Depends on filter characteristics.

BOPT TBO Doepends on filter characteristics.

[S
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ji Section 6

FULL OSCAR SYSTEM MODEL

This section discusses the model for the full OSCAR system, including the

ground stations, microwave uplink, satellite orbits, optical downlink and submarine

terminal. The section is organized as follows:

6.1 Full OSCAR Systems Model -- Philosophy and Flow Charts

6.1.1 Philosophy of Approach -- Full OSCAR System Model

6.1.2 Model Flow Chart -- Full OSCAR Model

6.2 Input Information

6.2.1 Environment

6.2.1.1 Fixed Data Bases

6.2.1.2 Data Bases with Predictable Variations

6.2.1.3 Data Bases with Unpredictable Variations

6.2.2 Requirements

6.2.3 System Design

6.2.3.1 Ground Station

6.2.3.2 Satellites

6.2.3.3 Submarine Terminals

6.3 Environment, Requirements, System Design Considerations

6.3.1 Environment

6.3.1.1 Data Bases with Predictable Variation

6.3.1.1.1 Solar Location

6.3.L1.2 Lunar Location/Brightness

6.3.1.1.3 Ice Location

6.3.2 Requirements
i.

6.3.2.1 System Effectiveness

r" 6.3.2.1.1 Basic Definitions

6.3.2.1.2 Downlink Availability
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6. (Continued)

6.3.2.1.3 Crosslink Availability

6.3.2.1.4 Penalty

6.3.2.1.5 Sample Calculation

6.3.2.2 Life Cycle Cost

6.3.3 System Design Considerations

6.3.3.1 Orbits

6.3.3.2 Dynamic Efforts

6.3.3.3 Line-of-Sight

C.3.3.4 RF Link Analysis

6.3.3.5 Area Allocations

6.3.3.6 Remote Sensor Performance

6.3.3.6.1 Submarine Remote Sensors

6.3.3.6.2 Satellite Remote Sensors

6.4 Model Implementation

6.5 Discussion of Analysis

6.5.1 Environmental Models

6.5.2 System Design Analysis

6.6 Parameter Value Uncertainties

6.6.1 Environment
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6.1 FULL OSCAR SYSTEM MODEL -- PHILOSOPHY AND FLOW CHARTS

This section explains the basic approach used in developing the architecture

for the Full OSCAR System Model (FOSM), and presents a flow chart showing the overall

interrelationship of the analysis discussed in Section 6.3 and its required inputs.

(These inputs are discussed in more detail in Section 6.2.)

6.1.1 Philosophy of Approach -- Full OSCAR System Model (FOSM)

This model, when fully implemented and verified, will be a model of the com-

plete OSCAR system. At this time, only the overall architecture of the FOSM has

been developed. In developing this architecture we have used the following approach:

a. The SPDPM is fully available for use as a building block;

b. The DCM is fully available for use as a building block;

c. The baseline option in the DCM is the one most favorable for OSCAR

implementation -- i.e., fully adaptive scan;

d. The FOSM requires inputs in the categories of environment, requirements

and system design.

e. The environmental inputs include the time varying data bases of cloud

parameters, air-water interface parameters, and water parameters.

f. The requirements inputs include system effectiveness parameters.

g. The system design parameters include the details of all aspects of the

system, from ground station through satellite orbits through submarine

terminals.

h. The system performance over a given set of time intervals is calculated

for a given system design using the sub-models included herein. If suit-

able system performance is not achieved, the system design is modified

and the system ;,erformance calculated again. If suitable system perform-

ance is achieved over a given set of time intervals, then the results are

combined with those over other time intervals, so that the system per-

formance over the system lifetime is estimated. If this lifetime oerform-

ance is not suitable, the system design is iterated, and the process

repeated until the system performance matches the requirements.

Iii 6-3
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6.1.1 (Continued)

1. The downlink availability is the driver of total system effectiveness.

At this stage of the overall OSCAR program, the SPOPM is composed of

unverified propagation models, the DCM inputs include uncertain parameters,

and the technology to be used In the OSCAR system is in the R&D stage.

Therefore. the downlink availability is calculated to the limits of our

present day knowledge, and reasonable requirements are imposed on the

remaining contributors to system effectiveness so that the system speci-

fication is met.

Implementation of this approach is discussed in Section 6.4, and exemplary

results are presented in Section 3 of Volume IV of this final report.

6.1.2 Model Flow Chart -- Full OSCAR System Model

A top level schematic of the Full OSCAR System Model (FOSM) is shown in Fig-

ure 6-1. The input parameters are designated as environment, requirements and

system design. All three inputs are used to calculate the downlink performance over

many time Intervals, which requires a multiple application of the DCM. The environ-

ment and system design parameters are used to estimate uplink/crossllnk availability,

and the system design inputs are then used to calculate equipment availability.* All

availabilities are then used to calculate system effectiveness over the same time

intervals. and, if no system design iteration is necessary, then performance over

the system lifetime is calculated.

*But from (i) above, at present the uplink and equipment availability are not cal-
culated from first principles, but are assigned ,om the downlink result.
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6.2 INPUT INFOF4ATION

I The inputs to the FOSM are divided into Environment. Requirements and System

Design. This section discusses eacn of these three kinds of inputs.

I 6.2.1 Environment

The Environmental inputs to the FOSM are composed of fixed data bases, data

bases with predictable variations and data bases with unpredictable variations.

Each type has extensive inputs for the Full OSCAR System Model.

I 6.2.1.1 Fixed Data Bases

The fixed data bases include the operational area coverage, the astronomical

distances (since we ignore monthly and seasonal changes in RSU and RlU), the choice

of Environmental Resolution Elements, the Skylight/Starlight strength, and ocean

f depth within the coverage area. Some of these data bases were previously used in

the SPOPM. Other and new environmental parameters include:

I SYMBOL DESCRIPTION UN I TS

A Mean latitude and longitude degrees
?of all the ERE's within the

coverage area.

Mean ocean depth of ijth (RE. meters
iThis enters in when

Dc I j iD.

6.2.1.2 Data Bases with Predictable Variations

The data bases with predictable variations include the solar latitude and

longitude, the lunar latitude, longitude and phase, and the locations of the ice.

Some of these data bases were previously used in the SPDPM and DCM, including L5,

L" LUSUP gqU"and MU"

Other and new environmental parameters include:

SYMOL DESCRIPTION UNITS

P Phase of the moon, which deter- degrees
U 'mines its relative strength.

Time of day at Greenwich hours
(0 degrees longitude)

I
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6.2.1.2 (Continued)

SYMBOL OESCRIPTION UNITS 

TIME AFTER WINTER SOLSTICE days

tmo Time after full moon days

t Time after sunset hours

Lunar latitude at sunset of degrees
a given day

[C Fraction of the jjth resolu-
ij tion element which is covered

by ice.

6.2.1.3 Data Bases with Unpredictable Variations

The data bases with unpredictable variations include the cloud conditions,

the air-water interface conditions, the water conditions and the strength of the

bioluminescence. Parts of these data bases have been used in the SPDPM and DCM,

including: T.i ce <cose -0' and H for the clouds for each ERE; n and V for

the air-water interface for each ERE; n, k1 , Di, Sj' and S for the water for each

ERE; and LBL for the bioluminescence for each ERE.

Of these thirteen parameters, the most important ones with unpredictable

temooral and spatial variations are T and - for the clouds, V for the air-waterc
interface, kt and Di for the water, and LBL itself for the bioluminescence.

'ew Inputs include:

SYMBOL DESCRIPTION UNITS

MTBF c  Mean time between environsental hours
conditions which are sufficient
to cause an outage.

WTT Mean time for outage-causing hours

conditions to clear.
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6.2.2 Requirements

I The Full OSCAR System Model uses the complete OSCAR requirement set as its

requiremnts inputs. Some of these have previously been used in the SPDPM and DCM,

I including TAI M LO' NIM, NSp t. Nji. g and 0. The rest of the requirements are:

a. Full operational area coverage, specified in terms of t'i AY for the

I ERE's.

b. No submarine motion constraint (speed or direction);

I c. System Effectiveness, specified in terms of a total system availability

Eff (syst). Also important are TAV, the time over which the availabilities

I are averaged in order to obtain Eff (SYST), and PEN' the penalty time for

an outage of any portion of the link.

6.2.3 System Design Inputs

The required system design inputs include Ground Station, Satellite, and

I Submarine Terminal information.

6.2.3.1 Ground Station

The microwave ground stations were not considered at all in the SPDPM nor the

0C4 because those models only involve the downlink. Therefore, all the inputs are

new. and consist of:

SYMBOL DESCRIPTION UNITS

B Number of bits to be conveyed on the uplink, bits
U per sinqle time interval

I BC Number of bits to be conveyed on the crosslink, bits
per single time interval

B Number of bits to be conveyed on the backlink, bits
per single time interval

tu  Time allowed for uplink delivery of bits seconds

tc  Time allowed for crosslink delivery of bits seconds

I t Time allowed for backlink delivery of bits seconds

kRF Wavelength corresoonding to center RF frequency meters

I PS Satellite transmitter power watts

I G Ground station transmitter power watts

6-9
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6.Z.3.1 (Continued)

SYMBOL DESCRIPTION UNITS

P jG Effective jammer radiated power watts

Satellite antenna efficiencys

)G Ground station antenna efficiency

3 Latitude of jammer degrees

j Longitude of Jammer degrees

4GS Latitude of ground station degrees

3GS Longitude of ground station degrees .

TSU N  Noise temperature of the sun °Kelvin

TEARTH Noise temperature of the earth °Kelvin

TRECEIVER Noise temperature of the receiver °Kelvin

TRAIN Noise temperature of the rain °Kelvin

W Extent of Spread Spectrum Hz

C c Noise Power pe.s Hertz

nRF Number of ground sites per satellite --

D Satellite antenna diameter meter!

0G  Ground Station antenna diameter meters

RJG Distance from Jamer to Ground Station meters

AUL Uplink availability

MTBF Mean time between failure hours

KTTR Mean time to repair hours
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6.2.3.2 Satellites

Some inputs for the satellites were previously used in the SPOPH and the DCM.

but primarily for a single time interval. The invariant satellite inputs are RSU,

IM. -i tw , PRF, m. Ep, FL e Re , P LO- if, '- q, YT - c. MARG, A eTS, 6TDR and
choice of the scanning approach.

Additional. and new inputs are:

SYMBOL DESCRIPTION UNITS

TOT Total prime power capability of the satellite watts

TORB  Period of the orbits hours

Ce Eccentricity of the (elliptical) orbit --

tp Time when perigee of the orbit was traversed hours

Argument of perigee degrees

I Inclination angle degrees

Right ascension of the ascending node degrees

Rrhdegrees/second
"OR Rotation rate of the earth (radians/second)

n Number of satellites in single ground track --

-, Optical frequency Hz

Optical wavelength meters

Latitude of Ground Station degrees

GS Longitude of Ground Station degrees

Latitude of jammer degrees

nS Longitude of Janner degrees

Revisits Number of times a given spot is revisited --

K4TBF Mean time between failures hours

PMTTR Mean time to repair (or replace) hours

6-11I
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6.2.3.3 Submarine Terminals

Most of the system design inputs for the submarine terminal have already been
listed in the SPOP14 and D04 sections, including eR, Do YR' do B OPT (kT), Fa G.
(ne/hv). RLs Ido F. GEL. GAZE tst . demodulation approach, and post-detection proc-
essing for time-of-peak demodulation.

Other and new inputs are:

SYMO DESCRIPTION UNITS

MTBFsue Mean Time Between Failure hours

MTTRs Mean Time to Repair
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6.3 ENVIRONMENT, REQUIREMENTS AND SYSTEM DESIGN CONSIDERATIONS

This section discusses the analysis to be used in the Full Oscar System Model

architecture, except for those previously developed in Sections 3 and 4 (the SPOPH),

and Section 5 (the D04).

Section 6.3.1 considers models for the predictable environmental data bases,

including sun, moon and Ice location.

Section 6.3.2 discusses models for system effectiveness and life cycle cost.

Section 6.3.3 describes the system design analyses relating to the orbits,

dynamic effects, line-of-sight, RF link analysis, area allocations, and remote

sensor performance for both the submarine and the satellite.

6
I
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6.3.1 Env4ronment

The sub-models for the data bases only correspond to data bases with predictable

spatial and temporal variations. (The fixed data bases are numbers input to other

models, while the unpredictable data bases are not suitable for modeling due to their

unpredictability.*)

6.3.1.1 Solar Location

The solar contribution to the optical background is characterized by:

i S/2: The half-angle subtended by the sun at the earth.

LS: Effective exo-atmospheric radiance of the sun;

RSU: Distance from the ;un to the receiver;

ISU: Solar latitude;

3SU: Solar longitude.

To the accuracies required by the SPOPM, DC and FOSM, the first three param-

eters are taken as Invariable, and equal to:

*SU " 4.65 (10"3) radians

LS - 635.62 watts/((m 2 (srad) ..m))

RSU , 1.497 (1011) meters.

The solar latitude and longitude are key to estimates of the solar zenith

angle for a given environmental resolution element, as shown in equation (5-6) of

Section 5.3.1 of this report. However. they do not have to be modelled with

extreme accuracy since the P and NEPB are fairly insensitive to changes in solar

zenith angle of t2.5 O ,

We therefore consider simple models, and separate the latitude and longitude..

*Future work may change the categorization of some of these unpredictable data

bases to predictable, and hence model-suitable, ones.
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6.3.1,.1 (Continued)

For the longitude (degrees east of Greenwich),the sun is modelled as going

around the earth once in 24-hours (to our accuracy).so we take

.13S 360[1 - t(6-1)

for t - time, measured in hours after high noon at 00 longitude (Greenwich).

For the latitude, the extreme and mean are well known, so that

aSU * 00, vernal equinox

a 23.5 0 summer solstice
0

a 00, autumnal equinox

a -23.50, winter solstice.

Considering the accuracy required (and to minimize computational time), we use

Table.6-I as the solar latitude model.

Table 6-1. Solar Latitude Model

DAYS AFTER
WINTER SOLSTICE SU

0 -23.5

30 -21,

61 -12

91 (Equinox) 0

121 "12

152 +21

192 (Summer Solstice) +23.5

222 +21

253 +12

283 (Equinox) 0

1314 -12
335 -21

I Values between those shown are linearly interpolated.
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6.3.1.2 Lunar Location and Phase

The lunar contribution to the optical background is characterized by:

Sm/23 : The half-angle subtended by the moon at the earth;

Lm: Effective exo-atmospheric spectral radiance of the moon;

R : Distance from the moon to the receiver;

am : Lunar latitude;

mu : Lunar longitude.

To the accuracies required by the SPOPM, DCM and FOSM. the first and third

parameters are taken as Invariable, and equal to:

"m/2 a 4.65 (10- 3) radians;

R - 3.83 (108) meters.mu

The value of LM used in the SPDPM was 1.37 (10 3) watts/( (meters)2 (srad)

(meter) ). corresponding to a full moon in the blue-green spectral region. For any

out a full moon the magnitude of Lm is reduced. The magnitude of Lm depends on the

phase angle, a PC as defined in Figure 6-2.

Figure 6-2. Definition of Lunar Phase Angle, a
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6.3.1.2 (Continued)

To the accuracy required here, we take a to linearly go through 3600 in

27.5 days, so that

apm 360 2(.5 (6-2)

for t ,) measured in days. and corresponding to time after full moon.

No analytic model* exists to relate Lm to a PM , so we use the empirically

derived result in Table 6-2, and the equation:

Lm a 1.37 (10"3) Tm (6-3)

Table 6-2. Lunar Brightness as a Function of Phase Angles

LUNAR BRIGHTNESS AS A FUNCTION OF PHASE ANGLE

ap- Tm CrP T M
(DEGREES) m

0 1

5 08 7S 0.12

10 0.78 8o 0.1

1 0.69 86 0.08

20 0.61 90 0.08

25 0.5 95 0.07

30 0.46 100 0.06

35 0.43 105 0.06

40 0.37 110 0.046

46 0,33 115 0.04

so 028 120 0.035

56 024 130 0.025

s 0 02 140 0.01

as 0.17 16O 0
70 0.14

*Z. Kopal. "An Introductin to the Study of the Moon," Gordon and Breech,
(New York, 1966) Chapter 17.
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6.3.1.2 (Continued)

The lunar latitude and longitude are key to estimates of the lunar zenith angle

for a given environmental resolution element, as shown in equation (5-7) of

Section 5.3.1 of this report. However, they do not have to be modelled with extreme

accuracy since the Pmu and NEP B are fairly insensitive to changes of lunar zenith

angles.

We therefore consider simple models, and separate the latitude and longitude.

For the longitude, again in degrees east of Greenwich, the earth rotates 3600

while the moon is moving approximately 1/28 (360) - 12.90 in its orbit around the

earth. Over one night, the inaccuracy in completely neglecting lunar motion is taken

as negligible and for each night we take

r

- 1 " 1 - :(6-4)

for 30 a initial longitude of the moon at sunset,* and

tnm a time after sunset, measured in hours.

For the latitude, we use the fact that the plane of the moon-earth orbit is

inclined at approximately 5.10 to the ecliptic, the plane of the earth-sun orbit.

Therefore, we take

m 5.1°  (6-5)

as our approximate model for the lunar latitude.

6.3.1.3 Ice Locations

A few of the environmental resolution elements are far enough North that a

fraction of their area is covered by ice during the winter and spring months. We

model this as completely blanking the OSCAR communication downlink for that fraction

of the area. The key parameter is:

*So should be provided by a separate input, so thdt the approximation errors in

equation (6-4) are not compounded from night to night.
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I IC1j: Fraction of ljth resolution element covered by ice. ICij will be pro-

vided in a look-up table in Volume IV of this final report. We do not present it

I here so that the unclassified nature of this volume may be sustained.

6.3.2 Sy~tem Effectiveness and Life Cycle Cost Models

This section discusses models for the system effectiveness in terms of link

availability, and the life cycle cost model.

m 6.3.2.1 System Effectiveness

The full OSCAR system may be depicted as a communication tree where the mes-

sage originates at the ground stations (relatively few in number), is transmitted

through the uplink to the satellite, and then through downlinks to the submarines.*

Such a tree is represented in Figure 6-3, with the system elements shown.

j ELEMENTS

GROUND
STATION(S)

UPLINKS

SATELLITES

- CROSSI INKS

DOWNLINKS

I - --- ---- --- ---- --- --- SUBMAR INEI RECEIVER

I m Figure 6-3. System Effectiveness Communication Tree

*Crosslinks between satellites, if used, would not destroy this analoqv.
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6.3.2.1.1 Basic Definition

Using the conimunication tree, it is seen that an end-to-end link can be

traced from each submarine back to a ground station. Therefore, the number of

complete links will equal the number of submarines, and the rth link will have
an availability:

(r) ( ) (r (r r)

AL(r) AGSrAULrASATrACL )ADL (r)ASB (6-6)

The availabilities used are for the appropriate element in the link e.g.,

that of the ground station and that of the satellite which services that partic-

ular submarine, and are defined as:

AGS * ground station availability,

AUL 2 Uplink availability,

ASA T* satellite availability.

ACL crosslink availability, including relay equipment on satellites,

A * downlink availability,
DL

ASB , submarine receiver availability.

System effectiveness is defined as the average end-to-end link availability:

Eff(syst) A" (6-7)

This can be written in the expanded form.

1 L A (r) A (r)A (r)A (r)A (r)

Eff(syst) N L AGS AIL SAT CL DJL S(68)

Because of the construction of the tree, this equation can be expanded in

the following form:
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6.3.2.1.1 (Continued)

Eff~syst)= N4Ais(1) AuL(1)AsAT1)AcL(1) (ADL(1)AsB( )+AoL(2)ASB(2)+.')

ffsst- ' (I)A
+A.L(2)AAT(2)AcL(2) (ADLl( i)AsB(i )+ADL(i+l)AsB(I+I)+...

"AULJL)ASAT(J)ACL(J)(ADL(k)ASB(k)+ADL(k+l)AB(k)+...)]

*AGS (2)AUL (m)ASAT (m)ACL (m (ADL (n)ASB(n)+ADL (n+)ASB(n+l)+...)

+AUL (m+I)ASAT(m.)ACL (m+l)(ADL(P)ASB(P)+...)J (6-9)

If the availability of any individual system element is the same as any other

element of the same type, then the expression for system effectiveness reverts to

the much simplier form:

Eff(syst) • 'GSUL'SAT'CLADLSB " (6-10)

Moreover, if the availability of like elements is identical, then the mean

link availability is equivalent to any individual element availability.

6.3.2.1.2 Downlink Availability

The "downlink" availability requires special mention. Although at any time

the number of downlinks equals the number of boats, the specific location of the

boats is not known, even to the appropriate environmental resolution element.

Therefore. the downlink availability is averaged over all possible boat locations,

which in particular will be the satellite area of responsibility, but in sum would

be the entire FBM operational area.

Also since the downlink is tied intimately to weather conditions, water

conditions, and signal and background conditions, it is reasonable to average

over a time interval sufficient to include a range of these conditions. A one

month interval would allow for seasonal variations and permit systems' strategies

which optimize for seasonal variations. However, in order to meet the system
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6.3.2.1.2 (Continued)

effectiveness specification, the availability should be averaged over at least a

year (or multiple seasonal periods, including the appropriate system strategies).

6.3.2.1.3 Crosslink Availabtlity

The crosslink availabilities are most likely to be those elements which do

not have identical values. This is seen from the fact that some end-to-end links

may include crosslinks while other end-to-end links may not require them. There-

fore a weighted mean is used In the equation for XCL

CL" NcLAcL+(NLNcL)(1) 
(6-11)

L

where NCL is the number of crosslinks used in the entire system, and the

crosslink availability is taken as unity for those links not using crosslinks.

In general, the number of end-to-end links using crosslinks may change

during a cycle of the satellite orbits. Therefure. NCL may be a dynamic number,

and the average value over a comolete cycle will be used.

6.3.2.1.4 Penalt,

The specification requires that a penalty be imposed for each outage. This

penalty is imposed on the average element avallabilities in accordance with the

following rule:

Axx a 1 1 x (6-12)

where X Is the larger of either

(WTrR/TBF) xx

or

T P
Av en

!MTBF)
-x
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6.3.2.1.4 (Continued)

where T., is the time over which the system effectiveness is averaged, Pen is the

penalty, MTTR is the mean time to repair, and MTBF is the mean time between

failures.

In the case of the downlink, the nomenclature "mean time between failures"

and "mean time to repair" is meaningless. The same statistical concepts are

retained by assigning the following definitions for links that do not have equip-

MTBF c = mean time between conditions which are sufficient to cause

outage.

TTTR -tmean time for these conditions to clear.

For the uplink and downlink, this information must be provided by the environmental

data bases, either implicitly or explicitly.

6.3.2.1.5 Sample Calculation

A sample calculation of availability has been oerformed using the values in

Table 6-3. and choosing T av-8700 hours (I year), Pens-1 hour.

TABLE 6-3

Inputs for Sample System Effectiveness Calculations

GS ULt SAT DL S

5TBF 50'O 10.000 50.00 400 5000
(hours)

K---._
ITTR 1
(hours', 0 I 1
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6.3.2.1.5 (Continued)

The mean element availabilities are:

A GS a 0.9965

TJL a 0.99991

K SAT - 0.998

)L a 0.948

S 0.9965

The system effectiveness is then 0.945.

In this example the downlink availability dominates the system

effectiveness, as would seem reasonable.

6.3.2.2 Life Cycle Cost Model

The life cycle cost models to be used in the FOSM are

MAVWESA, WEAPON SYSTEM LCC. FLEX 98 and
NAVWESA, EUIMENT LCC. F.EX 48 1

They have been used by GTE-Sylvania on other NAVY programs.

6.3.3 System Design Analyses

The new system design analyses includes Orbits, Dynamic Effects, Line-of-

Sight, RF link analysis, Area Allocation and Remote Sensor Performance.

6.3.3.1 Orbits

The OSCAR satellites are assumed to travel in circular or elliptical orbits

around a spherical earth. Any perturbations to these orbits caused by the sun,

the moon, atmospheric drag, or the asphericity of the Earth's gravitation field

are to be corrected by periodic thrusts from station-keeping rockets. The

orientations of the elliptical orbits remain fixed in inertial space (Figure 6-4),

and are referenced to the Earth's equatorial plane (Figure 6-5).
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6.3.3.1 (Continued)

Time is referenced to the sidereal day, which represents one rotation of

the Earth relative to inertial space, rather than to the sun. This differs from

a solar day by a factor of 364/365, since the Earth rotates one more time during

this year than the number of days in the year. The "hour" used for time is

defined as one twenth-fourth of a sidereal day, and the time origin corresponds

to the earth's prime meridian pointing in the direction of the vernal equinox.

The satellite positions are determined by six orbital parameters (See Figure 6-5

and 6-6):

Torb ' the period of the orbit

'el the eccentricity of the ellipse.

tp, time when perigee of the orbit was traversed,

.. argument of perigee (angle)

i, inclination angle

, right ascension of the ascending node (angle).

For any given time, these are used to obtain the position (Rs5 ,M . s) and

velocity (R sa, s ) of the satellite in the spherical fixed earth coordinate

system. (This is the system used in the DCM.)

The position and velocity of a satellite moving in a spherically symmetric

gravitatioral field were derived by Kepler:

E - 2 (t-t ) esinE (6-13a)

orb

a - (5080 m T or /b2 13
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Figure 6-4. Inertially Oriented Orbits

A.

vA /

Figure 6-5. Geocentric equatorial coordinates and orbital elements
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6.3.3.1 (Continued)

Figure 6-6. Orbital Parameters

X a a(CosE-c e)

ya a~l. 7 e  snE (6-13c)

IZ, 0

1.
- 2na sinE

__T(ceC°S s 

(6-13d)

2 2-a 1-c' cosE
Y T(-eCOSE)

1.
Z 0

where E is the eccentric anomaly in radians.
a is the semi-major axis in meters.

and the rectangular coordinates ( X, 1Y,O,,Y.0) are within the plane of the
orbit and have their origin at the earth's center (See Figure 6-6). Equation (6-13a),
called Kepler's equation, is transcendental and requires and iterative solution.

6
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6.3.3.1 (Continued)

To translate to equatorial plane coordinates requires the following

sequence (see Figure 6-5):

a. A rotation of w about Z axis.

b. A rotation of i about the 2X axis.

c. A rotation of ,ort about the 3Z axis.

These operations are accomplished by successive multiplication of both the

position and velocity vectors by the standard rotational matrices of linear

algebra:

2 R 7t • (6-14)
2z  2' r [l() 3-] 1W l

L. J10 16
0 0Lo W  cW j

wtere R1) 0 0

0 cosa sina (6-15a)
0 -sina Cosa

is a rotation about the X axis (or axis 1) through an angle of ax,

R2(-') * COSA 0 -~s in,%

0 116-15b)
s, i o- 0 Cosa]

is a rotation about the Y axis (or axis 2), and

R (.*) ICosa S'lnm 0

-sina cosa 0 (6-15c)
0 0 1

is a rotation about the Z axis (or axis 3).

6-28

I



I

6.3.3.1 (Continued)

The resulting cummulative transformation equations are:

2x a IX(cos(,+no t) cosW - sin( o t) sinf cosi)or or
-1Y(cos(. ort) sinf + sin(,Q+ ort) cosw cosi) (6-17

2y a 1X(sin(aiort) cosw + cos( 4 ort) Sif cosi)

+IY(:sin(+ort) sinca + cos(( ort) cos CosW)
2Z a 1X sit sini + 1Y cosw sini

x 1 (cos( ....ort) cosw - sin( nrt) sirki cosi)

- 1 (cos(i..ort) sina + sin(.ort) cosw cosi)

S.X(sin(.-Nort) cosw + Cos(n*.zort) sin cost)

* y(-sin(.,.,ort) sinj + coS(-.,ort) cosw cosi)

2z I X sinw sini + 1y cos,. sini
(6-18
a,b,c)

The satellite state vector is now referenced to the inertial geocentric
coordinate system with the X-axis in the equatorial plane pointing toward the

prime meridian, the Y-axis in the equatorial plane, and the Z-axis pointing

toward the North pole. .To change to the rotating non-inertial system requires

subtracting a x r from r:

3a 2 x  (Ior2Y) . 'or Y  ) (6-19
a,b)

K 3 V 2Y* Y-C X* "or

+ The same equations apply for 3X, 3Y and 3Z.
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6.3.3.1 (Continued)

The satellite state vector is now referenced to the rotating geocentric

fixed earth rectangular coordinate system. The following transfomation is used

to convert between this system and the spherical coordinate system of longitude

and latitude:

Rs 4 X+3ZY2 z -R (6-20a)

* tan "1  
_______ (6-20b)Se

Is tan 1  y (6-20c)

V3y32 3Z2

tan* Y (6Z

3j(3X N3y).3Z(313i 3 3yN) 6-Z0e)
RS %/X + (3X+3y Z (-2d

. 3x 2 33 (6-0b)
32 * 3 3'

where R S is the distance from the earth's center to the satellite, 9. is the

longitude, and i is the latitude. Application of the foregoing transformation

from the orbital plane for successive times traces out the ground track of the

satellite.

if a stationary ground track is shared by several satellites, it is assumed

that the optimal configuration has them equally spaced in time. This requires:

t t - 24 (6-21)

t p n

and + • 360 ( (6-21)n
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6.3.3.1 (Continued)

where n is the number of satellites, 24 is the orbital period, and tp4 and
I th1. are the time of perigee passage and the ascending node angle for the J

satellite.

6.3.3.2 Dynamic Effects

The effects of satellite motion in the FOSM are sumarized by the

following parameters:

so S zenith angle and rate at the earth's surface;

:SASA azimuth angle and rate at the earth's surface;

'SLEW angle between 2 satellites as viewed from the earth's surface;

R range from a satellite to a point on the earth's surface;

SLEW angle between two points on the earth's surface as viewed from

the satellite;

the relative Doppler frequency shift for a signal between the
satellite and the earth's surface;

FSLEW angle between a point on the earth's surface and a satellite as

viewed from another satellite;

the relative Doppler frequency shift for signal between two
\V-)s satellites;

7 zenith angle and rate for a point on the earth's surface asS, S

viewed from inertially oriented satellite-centered coordinate
system with its Z axis parallel to the earth's axis and its

X axis pointing in the direction of the vernal equinox (See
Figure 6-8).

6-31I'
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6.3.3.2 (Continued)

-SA'*SA : azimuth angle and rate for a point on the earth's surface in

the satellite's system (See Figure 6-8).

R : distance between 2 satellites.ss

Ris : distance from janner to satellite.

These parameters are obtained by conversion of position and velocity from

the geocertric fixed earth system to coordinate systems centered on either the

satellites or the earth's surface (Figures 6-7 & 6-8). The positions and
velocities constitute state vectors for the satellites, submarines, ground

stations, jammers, sun, and moon. The satellite state vector in the rectangular

fixed earth system, were derived in Section 6.3.3.1 as ( 3X3, 3 Y3 , 3 Z3, X3, 33 Z3) 3 .

The submarines, ground stations, and jammers are at the earth's surface and

the submarines are assumed to have negligible speed compared to the satellites.

Their state vectors in the spherical fixed earth system are therefore

(Re*aSUBaSuB,O,O,O) for the submarines, (Rc0S,0GsOO,O) for the ground

station, and (R ecaJ, JOO) for the jammer. The sun and moon coordinates in the
spherical system are (Rsu asu0su,OO,O) and N

To determine tS, SZ SASA, SLEW, R and v for a submarine or a ground

station located at longitudeatand latitude E, the satellite state vector is

converted to a system centered at (if),in which the Z axis is pointing away from

the earth's center, the X axis is pointing South along the meridian, and the Y axis

is pointing East (See Figure 6-7). To convert to this system from the rectangular

fixed earth system of Section 6.3.3.1,the following operations are required.

" Rotation of position and velocity through an angle of E about axis 3 using

matrix (6-15c) of Section 6.3.3.1.

" Rotation of position and velocity through an angle of (,/2)-, about axis 2

using matrix (6-15b) of Section 6.3.3.1.

" Translation from earth centered to topo-centered:

Z -Z-R e
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Figure 6-7. Ground Station and Submarine Coordinate System

es

5 xy

3y

DIRECTION OF
VERNAL EGUINOX

F Figure 6-8. Satellite Coordinate Systemj 6-33



6.3.3.2 (Continued)

The resulting transformation equations are:

4x a Sint coss * sinz sins cos
(6-23

4y 2 .3X sin2 + 3 a ,b ,c)

4Z 0 3X cos cos8 + 3Y cos: sins + 3Z sini - R3

4X . 3X sinz cosS + 3Y sinZ sin - 3 Z cos:

4* 3* 3
V x 3x sin2 + Y COSS (6-24

4; .33+ 3; . a,b,c)
X X cos- Cost, Y cosk sin- . Sin.

where 3R state vector is derived in Section 6.3.3.1.

The slew angle, 'SLEW' at this latitude, i, and longitude, 2, between two

satellites is now calculated from the vector dot product of the satellite's

psi tions:

4 412 4 4 2SLW - I 1 x + 2 4z+ j (6-25)
Co 1 2 1~ -2

The rectangular coordinates are converted t'n the spherical coordinate

system shown in Figure (6-9) by using the followinq equations:

-R'4 y2 4 + 4Z2 c t 1 4 Z-1 4
s tSA - (6-26

4 2 4 y2 4 a,b,c)

4 4 4y4 4 4.R x- x + z

X 2 + 4y Z 4z2

• (4X4- + 4y4- Z, _ 4'(4X2 + 4y2) (6-27
a,b,c)

4 X24 44v2,(4 x2 + '2+ 2

4 4* 4 4*
SA Y

4X 26 + 4y2
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6.3.3.2 (ContinuedI)

The relative Doppler frequency, (. ,/, is calculated from R, the rate of

change of the range between the satellite and the point on the earth's surface:

. . 1" R (6-28)

where A. and Ak are the frequency and wavelength shifts,

and are the carrier frequency and wavelengths,

and C is the speed of light.

This effect limits the minimum useful bandwidth of nontunable filter and

laser combinations to:

min 'R)MAX - (R)MIN (6-29)

where RMAX is the radial velocity leading to the nighest Doppler shifted

optical frequency.

and R,, is the radial velocity leadinq to the lowest Doppler shifted optical

frequency.

and the algebraic sign of the velocities are preserved.

lo deternine -S' S' SA"SA' SLEW for the satellite, the state vectors of

the ground sites. 4ammners and ;ubmarines are converted to a coordinate system

centered on the satellite. The fixed earth state vectors (Q , e. , , 0 0 ) in
the latitude, longitjde system are first converted to rectangular coordinates:

3Y S Re cos 1GS cos GS (6-30
a .b,c)

3Y 2Q cos-L-s. sin~
GS e IS nGS

3. R,s "e si~ S

X1a •Ys • I 0 s (6-31
S G, b )
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6.3.3.2 (Continued)

3 uj a R e cosa coS$6 (6-32

Ca,b,c)

3yj . Re Cosaj sing%

3 -i R e s i na

3 3* • 3 z•o (6-33
j j a,bec)

3UB•R COSi|u COs5 (6-34
SUB e SUB C <SUB a,b,c)

3YSUB - Re Cos &SUB SlNeSUB

SUB e s SUB

XSUB • SUB 0 SUB * 0 (6-35
a,b,c)

The satellite state vector is then subtracted. The resulting vectors are in

the yStem centered at the satellite and rotating with the earth. Since the solar

cells must always "oint toward the sun, the satellite's orientation is assumed to
360remain (relatively) motionless in inertial space (TU degrees of rotation per day).

Therefore the orientation of the basic satellite system is assumed to be inertial.

To convert to this system the state vectors are rotated -4.ort about axis 3 using

matrix 6-15c of Section 6.3.3.1 and ,wor(r is added to the velocity cononents, r.

wnere or is the rate of rotation of the earth. The transformation equations are:

T'
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6.3.3.2 (Continued)

5xGS ( 3x GS-3x S) C052:o t -3 GS 3 S sireort

~GS GS ( x S~3 s sin -.r t( 3 GS y S) COsv.t

Z~ZGS ~ ) (6-36

GS S oreGSScr

5 *3' 3 3(

ZGS ' ) S-z (6-37
a~bec)

5xa ( 3x J-3x S) cos,.,; t - (y J-3y S) slnCot

s. 3 3or J S r

5j . 3zj 3z S (6-38

5' 3' 3' (3 3*1
xi x i- x) S Co.ort Y (v- y) S .-.or t

s f3 3 ' 3 C s'

z-z a,b,c)

5xSUB ,( 3x SUB 3x S) Cos rt -3 ~SUB- yS~ ) 1ir o

5SUB , ( 3x SUB-x s) sin .or t + (3ySUB- 3y ) Cos,0 ot

S, -3, _ (6-40

"SUB SUB S Ja~b.c)
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6...3.2 (Continued)

5" 3" 3" ' 3

XSUB *( X SUB- XS ) Scoort - SUB- Ys) sin..ort

"* 3i 3" i t * 3tYSUB ( SUB - XS  sin .ort SUB- coSa.ort

5 , • 3"z 3" (6-41SUB LSUB- LS
a~b,c)

where (3Xs,3Ys.3 Zs,3)s.3yS,3ZS ) is the state vector of the satellite in the

rectangular geocentric fixed earth coordinate system derived in Section 6.3.3.1.

ISLEW is calculated usinq the vector dot product:

5 5 5 S +5 z 5-SLEW c os ' l  SSUBI SB 2 S suBI SUB 2 - ( 6 -4 2 )

Suez +__D5__2__ 5z

SUBI 6i: "i. 1 xSUB2 tSUB2 + ZSUB2

S,.S,.SAcS are obtained usn,' tte equations for conversion to

spherical coordinates:

ScotI - SUB (6-43)

S 52 5 52
S SUB tSUB

5 5, S 5' " (S1u 5 5 2

XSUBSXSUB Y SUB Y SUB )  SUB- ZSUB VSUB YSUB, (6-44)

,i2 52 5 2 52 +
'SUB SUB ~SUB SUB 2SUB~

55

S SUB'1 SUB

- SUB

SA 5 2 5 2 (6-46)

X 'Y
SUB SLB

I
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6.3.3.2 (Continued)

fSLEW is most easily calculated using the vector dot product in rectangular

fixed earth coordinates:

t. X ( SI ;% ( " - I )*(3Y - Y" V l ( Yj-) r ,*( )Z z- Z} (Z H Z )
S C OS" •Z j 1 S2So,, -S U i S (6-47)
SLEWS.2 3ISl) '( V 3 $ 3 ) ,'1 2 Z 12S 3xj 3 s l 2o 3v 3v 2! (3 j 3,S1 2

where "YSLEW is the angle between satellite 2 and the jammer on the earth's surface

as viewed from satellite 1.

RS the distance between 2 satellites, and RJ, the distance between

satellite 2 and the jammer. are calculated in the fixed earth coordinate system:

0L33 2  • 3 3Ys) (3s3s!R 3Xs3Xs!) (3y 3 2 z3 2 (6-48)RSS S2S s2SO + 52- ZSO

R 3 X3X 1 2 + (3y 3Ys) 2 (3 Z zs )2  (6-49)

6.3.3.3 Line of Sight Calculation

A line of sight must exist between two satellites before they can communicate

using crosslinks, and the sun must be visible to a satellite before it uses its

laser (or it will need excessive battery storage). For these reasons the line of
sight condition illustrated in Figure 6-10 must be examined. The shaded area

is not visible from satellite 1. represented by position vector A V For another

satellite or the sun, with position vector 2 to be outside of this area,

-2 -
R "R R . (6-50a)
1  2 1 e

or

A "(6-50b)
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6.3.3.3 (Continued)

i.e.. satellite 2 is visible if it is within R - Re of satellite 1. or if it

is outside the cone formed by the satellite and its tangents to the earth. (? is

the angle between vector R and vector R - R2 and can be calculated using the

vector dot product:

I cos 1I (R -R 1  (6-51)LR.Rz) IR'J

From Figure 6-10

4q e Cos' (IT- R(6-52)Sin e
The second condition then becomes:

(R 1-R)R TR- (6-S0b)

1R 2

Expressed in the rectangular fixed earth coordinates derived in

Section 6.3.3.1 the two conditions become:

S 3X32(3Y Cy2) (Zl. Z32323 2 ?+ 2I *I  Re  (6-53a)

( 3x1- 3 12 13X 3 y2-3 y) 3  3- 3 (6-53b)

( X 322(3Y -. Y)* 3Z -Z2)

.2 1  2
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6.3.3.3 (Continued)

These can be immediately applied if the satellite position vectors are

expressed in any rectangular coordinate system. The sun position is defined in

the full system model in terms of the latitude, longitude spherical coordinate

system and must be converted using equations (6-20) of 6.3.3.1 before the test.
For the sun. the first test is useless. Since the sun is very far away an, is

in reality an extended light source, the vector difference R - R2 is approximated

by the sun position vector. The second condition then becomes:

-R R RI '-R (6-54)
-. 1 ;T e

where R2 is the unit vector in sun's direction. Therefore using equations (6-20)

of Section 6.3.3.1. the line of sight condition to the sun becomes:

3X Cos IsuCOs S su +3 cos asu sine su+ 3Z stnsu -(6-55)

This will be required for every satellite at the time it is using its laser,

and equations (6-53a) and (6-53b) above will be required for every 2 satellites

which are using a crosslink.

6.3.3.4 RF Communication Link Analysis

There are three potential RF communication links: an uplink from the ground

station to a satellite, a crosslink between satellites, and a link from the

satellite back to the ground station (which will be called a backlink). The

uplink and backlink share the same frequency band, but the difference in the

transmitter powers, data rates, and noise sources requires separate analysis.

Three signal margins (M uMc ,MB), which determine the success of the links,

will be derived using the following inputs:

BuBcs 8 : Number of bits for each link to transfer,

tu~tc~tB: Time allowed for each link to transfer data,

RF: Wavelength corresponding to RF center frequency,
PSOP : Satellite and ground station transmitter POWers,

6-43I
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6.3.3.4 (Continued)

OSlDG: Satellite and ground station antenna diameters,

P iG Effective radiated power for a jammer,

Satellite and ground station antenna efficiencies,

R GS The range from the ground site to the satellite.

R is The range from the jammer site to the satellite,

R GJ: The range from the jammer site to the ground site,

RSS' The range from one satellite to another.

#S The zenith angle to the satellite as measured at the ground site.

kJL: The required availability for the upl ink (and backlink)atmospheric

channel,

TSLEW The angle between a jammer at latitude a and longitude 8 and a

satellite as viewd from another satellite,

RAX N7 QADOME: Signal attenuation factors,

SUN' I EARH, TRECEIVER'TRAIN: Noise temperatures.

W: Spread spectrum bandwidth for signal.

'he uolink/backlink model is illustrated in Figure 6-11a where the narrow

beam of the satellite antenna's gain profile allows a flat earth approximation

for the link's footprint. BOth satellite and ground station antennas are used

for both transmission and reception of all traffic, including satellite tele-

-etry and control as well as the primary communications. The backlink is needed

to carry measurements of critical satellite parameters, remote sensor informaticn,

message verification and retransmission requests. Fiqures 6-11b shows the cross-

link model in *tich satellite I is receiving from satellite 2 and from a Jammer

on the earth's surface.

T he signal modulation method for the links will not be secificled except

to note Figure 6-12. which indicates that there are several methods for obtaining

a bit error rate of less than 10"4 with an energy per dit over noise power per

hertz (EZF, €o ) of 12 dB. It will be assumed that with error correction or error

6-44



~0 4

P~~in~~in.X t .kmm* b

in4fRi 0 - SAT9LUTI ANTENNA DIAMMME
j M O ISTANCE tO SATLLITt

t~ Figure 6-11a. Uplink/Backlink Configuration1 6-45



Figure 6-11b. Crosslink Configuration
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6.3.3.4 (Continued)

detection followed by possible retransmission, this bit error rate is sufficient.

For instance. if 106 bits were transmitted with single bit error correction for

31 bit blocks, the probability of an uncorrected error would be only 15". If

104 bit blocks were then used for error detection and retransmission, the

probability of uncorrected errors after 1 retransmission would only be .0003.

Therefore. 12 dB will be used as the critical (E/No)c for successful communication.

(RF) - 12 dB 
(6-56)

and- (4' )c (B L) 
(6-57)0 )c \" J tRF

where ERF is the energy per message bit,

SRF is the siqnal power at the receiver,

'4 is the noise power per hert.z density at the receiver,0

BRF is the number of bits in the message,

tRF is the message time interval.

In order to overcome intentional jammving, the signal bandwidth, W. is assumed

to be increased by spectrum spreading techniques oseudo-noise, frequency hopping,

time hcpoing, etc). The for-, of the margin ca'culations is as follows:

(q~lF)_ _

0 __

_______E___/I__ (6- 58)

4 0 C 0 SRF(REF/ o)

The signal aower at the receiver :s given by:

RF F Pl 7Radome 'AirSRF T , GR" .GRT 'Pain k'dm =l 6-59)
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6.3.3.4 (Continued)

where PTRF is the transmitter power,

GT. GR are the gains of the transmitting and receiving antennas,

I RF is the RF wavelength.

RT is the range to the receiver,

and the T are transmission terms accounting for losses.

This equation assumes there are no antenna pointing errors. Both bore-

sight gains are given by:

G (RF (6-60)
k RF / RF

where 3 is the antenna diameter and n is the antenna efficiency, generally about

The signal expression is valid for both uplink and backlink when the

appropriate transmitter power value, P . is used. It is also valid for the

crosslink if the atmospheric attenuation factors are dropped. The term, 'RAIN'

is extracted from the rain attenuation statistics for the ground sight for a

given availability. Figure 6-13 shows the zenith path attenuation vs. availability

for various frequencies for Rosman, North Carolina.

As shown in Figure 6-14, these statistics are typical for East coast stations.

and conservative for most West coast stations. They will be used for all ground

station models. The large rain attenuation factors are caused by small convection

cells, which are sederal kilometers in diameter, and Dass-by in minute . The

probability of encountering one of these cells is assumed to be proportional to

the Pith lenqth through the atmosphere. Therefore, the availability for a non-

zenith oath is decreased from the zenith path availability used in Figure 6-13.

Dy:

A -(A 1 sec S (6-61)
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6.3.3.4 (Continued)

where sec RF is the path length factor. If more than one site can communicate with
s

a particular satellite, then the total link availability is increased. The resulting

availability from both of these factors is:

n 1 - *F U sec RF 
(6-62)

si

where nRF is the number of ground sites, which are assumed to be separated

enough to have uncorrelated heavy rain statistics.

To use Figure 6-13's statistics for 2 ground stations with different

zenith angles to the satellite requires a trial and error approach. which

minimizes the maximum attenuation of either site. for a given desired total link

availability. If. howver. the sites are close enough that the zenith angles

are roughly equal, but their rain statistics uncorrelated. then tlhe availability

to be used in Figure 6-'.3 can be calculated:

RF
AUL.z l.(1.A1L!I/NF) Cos As (6-63)

For example, a desired total uplink availability (due to rain) of 99.9"

at a zenith angle of 800 is equivalent to a zenith availability of 99.9828.

which corresponds to a rain attenuation at 32 GHz of CIS dB (which must be over-

come by the transmitter). :f two such stations are available, the required

zenith availability at each site is only 99.44t. or an attenuation of only 12 dB

at 32 GHz.

"7RADWI(. the attenutatlon factor from the ground antenna's radome, if one

is used, can be estimated from Figure 6-IS which given a maximum value of 4.2 dB

loss for heavy rain onto a dirty radom at 30 GHz.
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6.3.3.4 (Continued)

The clear air attenuation, TAIR. is very small up to 60 GHz as can be seen

from Figure 6-16. Therefore, it will be ignored.

The noise density, NO , in equation (6-58) is given by:

NO* Lk TSUN)2 *(k TEARTH)2+(k TRECEIVER)2 (k TRAIN ](6-64)

TSUN and T EARTH are the noise temperatures for sun and earth when they fill the

view of the receiving antenna. TRECEIVER and TRAIN are the receiver noise

temperature and the noise temperature due to heavy rain near the receiving

antenna. k is Boltzman's constant. TEARTH is zero for the backlink and TRAIN

is zero for both uplink and crosslink. A typical value for TRECEIVER is 1000 K

for today's satellite technology, TEARTH is 254°OK, and TSUN is between 10A and

10 7K depending on the RF frequency and the sun's activity level. The noise

caused by rain is shown in Figure 6-17, where it is evident that 1040K Is a very

liberal estimate for the noise temperature. Obviously if the sun fills the field-

of-view of the antenna, it dominates the natural noise sources.
J

The last term. . in equation (6-64) is caused by a broadband noise gener-

ating Jammer which is assumed to exist at a distance RGJ from the ground station,

for the uplink/backlink case, or at latitude i and longitude S for the crosslink

case.

The jammer noise 0'ower is spread evenly over the apparent bandwith, W, of

the signal. J is the noise power it the receiver due to the jammer. and is

determined by an equation similar to signal equation (6-59).

J • P G( RF) (6-65)

where Pj is the Jammer transmitter power,

G is the Jamer antenna boresight gain,

G (tJ  is the satellite antenna gain in the direction of the Jammer,

and R, is the distance fr3m the jammer, to the receiving antenna.
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6.3.3.4 (Continued)

The rain related attenuation factors have not been included because the
jamer's heavy rain statistics are assumed not to be well correlated with those
of the ground site.

The gain profiles for both the ground station antenna and the satellite
antenna are assumed to be that of a parabolic reflector, with tapering to lower
the sidelobes to 25 dB below the main beam:

2
R kRF / RF if x 3.6 (6-66)

RF ) R-25 dB -RRF 6) if > 3.6

k RF / RF / 16

W rRF sin 
A;

where ", RF

0RF is the receiving antenna diameter,

RF is the receiving antenna efficiency,

is the angle between the jammer and the antenna's boresight

and J is the first order Bessel function of the first kind. The gain is main-I
tained at GR(o)-Z5 dB beyond the main lobe because it is assumed that jammer will
be moved off the satellite antenna profile's nulls.

For the uplink:

R,~Ro
j'sin - 1.R (6-67)

R GS-RJ sin AS

For the backlink:

/ -2F (6-68)

I
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6.3.3.4 (Continued)

For the crosslink:

S"SLEW

Inserting the terms Into equation (6-58). the margins become:

PG(DG Dzz
G G) Jl S TRAIN T RADOME

wttee S.G ) u 2 2 [ 2 3 T2 .6 (

)S z 2
1whr(0) G S(:) SI f < .x

,'S RGj s 1F

IRF RGS-RCj sin * 
I  (6-69)
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6.3.3.4 (Continued)

2 2

[0

1"s :G RF T.IN TRAO4

were GG(.) R G if x <  3.6

G co GR

( , R" (6-70)
RF,

and RAIN is a function of AUL.

I.

A
I
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6.3.3.4 (Continued)

- 2 R
(F S S

M BC]'RF o 2S 2T)

2 T PjGj[~C7R'~ k r G OF ) RIT 2

\SUN +EARTH RECEIVER S JS)

where Gs o n 7rekSK for . 3.6

6. .. Are A11f 3.6

2

S. if -6) 3.6
(RFI

and ~ _ i SLEW (6-71)

Successful commuinication implies that these margins exceed unity and the

line of sight conditions are met for crosslinks.

6.3.3.5 Area Allocation

Environmental resolution elements should be allocated to the satellites in

such a manner as to minimize the time required to scan the coverage area. The

Full OSCAR System Model calculates the figure of merit (FOQM) to every environ-

mental resolution element for each satellite in the constellation. Because the

time required to cover a resolution element is inversely proportional to the

f'gure of merit, a more appropriate number to use in allocation considerations

is the reciorocal of the figure of merit. calle, the I finure.

'he initial allocation is accomplished by giving responsibility for each

environmental resolution element to the satellite which can cover it using the

lowest G figure. For each satellite, a summation of the G figures for those

resolution elements for which it is responsible is calculated. To meet the

time requirement, the sum for each satellite must be less than ST, where

66

-- ... .l:I. ' I .... .. .... I 6-60



6.3.3.5 (Continued)

ST .(A ~ .(6-72)

T If this condition is met, the allocation procedure is terminated and this initial

satellite allocation is used.

When the time requirement is not satisfied, re-allocation is performed.

For the satellite with the largest summation of G figures, the responsibility

for one or more environmental resolution elements must be transferred until that

satellite meets the temporal requirement. These environmental resolution elements

must also be reassigned in such a manner as to provide a minimum amount of loading

on the other satellites. To accomplish this, for each resolution element assigned

to this satellite, the difference between G values for this satellite and the

satellite with the next smallest G value is calculated and stored in a table named

delta. The delta table is next sorted in increasing order while keeping careful

account of the environmental resolution elements associated with each value in the

delta table. In this manner, a sorted environmental resolution element table is

created. Since the smaller the value in the delta table, the less the impact of

area reassignment is upon the other satellites, resolution elements are

reassigned to the satellites with the next lowest G fiiures, in the order that

they appear in the sorted table. Elements are reallocated until the G figure

sunmation becomes less than ST. The remaining environmental resolution elements

will comprise the final area allocation to this satellite.

A summation of the G figures for the remaining satellites must now be com-

auted. The sumrations are aqain checked to see whether or not they meet the

temDoral requirement. If the requirement is satisfied for all the satellites,

the al:ocatlons are completed. Should the requirement not be met, the procedure

of forming the delta table and performing enviromental resolution element

reassignments for that satellite with the largest G figure summation must be

repeated. This procedure continues until all satellites satisfy the time require-

rment. or until all satellites have received their final allocations via the

process described above.

6



6.3.3.6 Remote Sensor Performance

Inforfation derived from a "remote sensor" is desirable at both the

submarine terminal and the satellite. This section discusses the information

desired and the method(,) of obtaining it.

6.3.3.6.1 Submarine Remote Sensor

In order to optimize the performance of the Submarine Terminal, we can

vary:

1. Receiver Field-of-View;

2. Receiver pointing angle relative to zenith and local longitude;

3. Detection Bandwidth;

4. Post Detection Filtering;

5. Post Detection Processing;

and, depending on the optical filter type,

6. Filter center wavelength () and the bandoass (s.,).

In our previous development of the SPDPM, we have assumed that:

a. The receiver field-of-view is fied;

b. it is optimum to point the receiver at the signal (1 -0);

C. The received pulse shape is known, and that using

B - 0.4

results in optimum and lossless detection, filtering and processing.

:f we further assume that there is a "set" aboard the subma-ine whose

Purpose it is to derive enough information so that those six parameters will be

optimally selected, we note that in operation the information available to this

remote sensor set will include:

1. Satellite locations;

2. Sun/M4oon location;

3. Receiver location and depth;

6-62

i



6.3.3.6.1 (Continued)

4. Submarine Speed;
5. Time-of-Day;

6. Time-of-Year;

7. Average Water Data Base there and then;

8. Average Cloud Data Base there and then;

9. Average background level in the operating passband;

10. Verified Propagation Path Models.

The key inputs are the last two, since one may be able to derive the

characteristics of the propagation path from passive measurements of the existing

background. However, the following information could also be made available:

11. Long range cloud forecasts;

12. Thermocline locations and strength;

13. Relative spectral strength of background;

14. Previous pulse characteristics;

15. Background short term fluctuation properties;

16. Background long term time dependence;

17. Short term weather pattern update (night before).

On another contract we are developing techniques for using all or part of

these 17 data inputs to provide the required information on the submarine, and

are proposing that experitmental verification of these techniques be Performed

under the development tests defined in Section 9, Volume 4 of the final report.

In the meantime, we take as a submarine remote sensor model:

a. The receiver field-of-view is fixed at a single value, independent of

the propagation path;

b. The receiver optical axis is pointed exactly back at the axis of the,1 incoming signal;

c. The received pulse shape and width is exactly known, and lossless

detection electrical filtering and processing occurs for the detection
bandwidth. B, equal to 40% of the reciprocal of the half power pulse

width, t

6-63
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6.3.3.6.1 (Continued)

Further analytic and experimental work will certainly modify one, or all

three, portion(s) of this model.

6.3.3.6.2 Satellite Remote Sensor

The remote sensing "set" of the satellite terminal could provide informa-

tion to optimize the following satellite transmitter characteristics (assuming a

single "black box" laser operating at a single value of Ep and PRF is available):

1. Transmitter beamwidth;

2. Number of revisits to a given location;

3. Message type (Selective call vis-a-vis General Broadcast, for

example);

and if a tunable laser and filter are available;
4. Wavelength (').

In our present development of the SPOPH and 00, we have assumed that:

a. The satellite transmitter beamwidth is perfectly matched (for the

fully adaptive scan) to the propagation path losses in a given

environmental resolution element (ERE), so that the required signal-

to-noise ratio is exactly matched with the actual signal-to-noise

ratio;

b. No revisits to a given location occur.

c. The message type is pre-selected before a 0CM run, and is not of
prime importance since the system is designed to meet the EA14
requirements.

The "seto responsible for determing the scan pattern, revisits, and

message type will have the following available inforretion:

1. Outputs from all available remote sensors on other satellites;

2. Real Time weather updates from the ground/ships ("ground truth");

3. Coverage Area Location;

4. Data from the previous time interval;
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6.3.3.6.2 (Continued)

F. Average Cloud Data Base for that time and place;

6. Average Water Data Base for that time and place;

* 7. Time of Day;

8. Time of Year;

• 9. Verified Propagation Path Models.

On another contract we are developing techniques for using all or part

of these nine data inputs to provide the information required by the satellite

remote sensor set. A significant portion of the other program is devoted to

determining the state-of-the art of available and planned remote sensors, and in

determining their accuracy in estimating the key cloud, air-water interface, and

water properties.

We are proposing that experimental verification of the resulting techniques

be performed under the Development Tests, defined in Section 9, Volume 4 of the
final report.

In the meantime, we take as a satellite remote sensor model:

A. A perfectly adaptive scan controls the satellite transmitter bea~mwdth;

B. No revisits to a given location occur; if the FOM <1, then the iJ'th ERE

is not illuminated at all;

1C. The system is designed to deliver an EA1; the system knows enough to send

a Selective Call message (to maintain connectivity) where a General Broad-

cast message would require too much time, and so lower the system

effectiveness.

i6B
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6.4 MODEL IMPLEMENTATION

The architecture for the Full OSCAR System Model has been developed in the

previous sections. It is not within the scope of this contract to implement a

computer program for this FOSM, but it is part of this contract to perform sample

calculations using all elements of the FOSM to show example results.

These sample calculations are performed in Section 3 of Volume 4 of this

final report. They occur after:

1. A configuration trade-off has been performed in Section 2 of Volume 4.

This trade-off results in optimum satellite configurations (orbits

and number of satellites) for three types of orbits: geostationary,

12-hour period highly elliptical, and 24-hour period highly elliptical;

2. The SPOPM is evaluated for a range of signal, sun, and moon zenith

angles, and cloud and water types;

3. The 0CM is evaluated in Section 3.4 of Volume 4 for satellites in

the best configurations, fully adaptive scan, time of peak demodula-

tion, data bases for clouds and water provided by NOSC, a single time

interval during which the sun is at + 23.50 latitude over the center

of the satellite's area coverage responsibility, for the EAM, and

typical system design parameters. The downlink availability is scaled

to meet the minimum system requirement by deriving a required

technology figure of merit:

1/2
TECI~cW FLI OPT (6-73)

for FL a wall plug laser efficiency;

P' a prime power available on the satellite to pump the laster;

YR - receiver (primarily optical filter) transmission;

8OPT - ootical filter bandpass.
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6.4 (Continued)

Then the best of the satellite configurations is chosen as that one

requiring the fewest satellites and the smallest value of TECHFoM.

Based on these results, we perform the following sample calculations in

Volume 4 for the FOSM:

Environmental Inputs: Half the runs with Worst Case NOSC models for clouds

and water, Half with the Best Case;

No ice blockage;

Sun/moon location in Table 6-4

Requirement Inputs: Full area coverage and full depth .AN

Full System Effectiveness.

System Design Inputs: TECHFoM and satellite network from 0CM.

Other system design inputs from DCH.

No crosslink.

Uplink assumed not to be a driver, but specified.

No MTBF's or MTTR's for any portion of this link.

For each of the 12 runs, place one satellite at apogee

over an ocean, and allocate the other coverage as

appropriate. Alternate the ocean over which the

satellite is at apogee in every other run.

6
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6.4 (Continued)I
TABLE 6-4. SUN/MOON LOCATIONS FOR SAMPLE FOSM RUNS

SUN NOON

LONGITUDE LATITUDE LONGITUDE LATITUDE
'4

0 0 1800 +.5.10

0 +23.50 1800 +28.60

0 -23.50 1800 -18.40

900 0 2700 +5.10

900 +23.50 2700 +28.60

900 23.5
°  2700 -18.40

1800 0 0 +5.10
1800 +23.50 0 +28.60

1800 -23.5 °  0 -18.40

2700 0 900 +5.10

2700 +23.5 90 +28.60

2700 -23.5 °  90°  -18.40

For each of the 12 runs, we calculate a downlin- availability. Then the

average downlink over the year is taken as the average of these results (weighting

the 0' solar latitude results twice).

f Given this dovlink availability, then. reasonable values will be assigned

to the other four portions of the link to arrive at a system-effectiveness which

P meets the OSCAR requirement.

I
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6.5 DISCUSSION OF ANALYSES

I The analyses developed in Section 6.3 differ markedly in their status.

6.5.1 Environmental Models

The sub-models for the predictable data bases presented in Section 6.3.1.1

are not uncertain. Although they are only approximations, the results are adequate

for predicting OSCAR performance.

I
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6.6 "Parameter Value" Uncertainties

The parameter value uncertainties for the FOSM include those of the SPOP1

and D0, but also extend to others.

6.6.1 Environmental Parameters

The parameter values for the fixed data bases are well known, and the only

uncertainty in the predictable data bases is the exact values for IC1J, fractional

ice coverage, to use for a particular ij'th environmental resolution element

during a particular month. This only affects a percent of the total coverage area,

so the uncertainty is not of prime importance.

The unpredictable data bases of cloud properties, air-water interface

properties and water properties are largely uncertain. In addition to those

problems pointed out in the SPOPM and OCM sections; the global, seasonal and

diurnal properties now become of Importance. In particular, the mean time

between outages and mean time to clear are not known at this time, along with

real distributions and evolutions of cloud thickness and average extinction

coefficient, depth of the thermocline and diffuse attenuation coefficient above

and below this thermocline, and the strength and characteristics of bioluminescence.

Table 6-5 summarizes only those FOSM input parameters which are uncertain.

Table 6-5. Uncertain Parameters for the FOSM

PARAMETER COMENTS

ENVIRONMENT

ICE COVERAGE A SMALL EFFECT

CLOUD DISTRIBUTION PARAMETERS NEEDS TO BE RESOLVED
AIR-WATER INTERFACE PARAMETERS A RELATIVELY SMALL EFFECT

WATER DISTRIBUTION PARAMETERS NEEDS TO BE RESOLVED

67
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